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Abstract 
 
Aisling Cunningham 
 
Distribution and sources of PAHs and trace metals in Bull Island, Dublin 
Bay 
 
The objective of this project is to provide a coordinated, chemical and physical characterisation 
of the sediments and soils of Bull Island and its intertidal area.  Data on organic pollutants and 
on characteristics such as particle size, metal content, pH and percentage organic matter has 
been recorded and mapped for future use. This data will now act as a baseline for future studies 
that investigate environmental change over time. Source and distribution of polycyclic 
aromatic hydrocarbons (PAHs) and metals including iron, chromium, calcium, aluminium and 
lead were analysed to further understand anthropogenic influence on the area. A range of 
methods were utilised to quantitatively assess the organic and inorganic input into the bay. 
Statistical analysis was carried out to determine relationships between variables tested and 
similarities between samples. Results show that PAHs present in the bay had a common source 
of combustion, indicating anthropogenic input. Organic matter content and Total Organic 
Carbon to total nitrogen ratios (C:N) showed that terrestrial material has a large influence on 
pollution concentration in the area. Principal component analysis (PCA) indicated strong linear 
relationships between PAH content and total organic carbon (TOC), and also a strong linear 
trend between lead and TOC. A PAH survey one year later indicates that these results vary 
over time and that consistent, temporal studies are required to understand the environmental 
dynamics of the area and to predict coastal change. 
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1. Introduction 
Bull Island (BI) is situated in Dublin Bay on the east coast of Ireland (Figure 1). The 
area was chosen for study because it displays many of the contemporary management issues 
affecting Ireland’s and international coasts, within a characteristic biogeophysical setting for 
Ireland. It is also unique in that it is classed as a man-made island as it formed in response to 
the construction of the Great South Wall in the 1700s and North Wall in the 1800s (Harris 
1977).  
 
 
These walls were built to solve a long-time problem of silting at the mouth of the River 
Liffey (Figure 2) and increase access to Dublin Port (Lalor 1989; Koutsogiannopoulou & 
Wilson 2007). The movement of currents in the lagoon changed as a result and much of the silt 
was diverted from the river course and deposited on the North Bull resulting in the emergence 
of a true island parallel to the shore (Figure 1). Its growth and direction of expansion was 
greatly influenced by the volume of sediments, tidal direction, energy of the water system and 
water depth (Brooks et al. 2016). The evolution of the island involves a combination of constant 
Figure 1: Position of Bull Island in Dublin Bay, the East coast of Ireland  
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destruction and growth, with sediment levels in the sand and salicornia flats accreting by 2 mm 
- 5 mm/year (Harris 1977).   
 
  
Bull Island is unique in its natural resources and attracts a variety of winter fowl 
annually. At peak feeding times, 40,000 birds have been seen at once on the island (Crowe et 
al. 2012). In 1981, UNESCO declared Bull Island a biosphere as it had been defined as having 
“internationally important habitats and species” (UNESCO 1995). By 2015, the area included 
in the biosphere had expanded and includes over 300 km2 with a population of 300,000 people 
(Harris et al. 2014; UNESCO 2015). Bull Island is one of five most important wetlands in 
Ireland, with strong pressure on maintaining the natural habitat for its ecosystem and 
recreational functions (Crowe & Boland 2004). 
Figure 2: Map of Bull Island, showing major rivers and streams flowing into the sampling zone. 
Bull island is adjacent to Dublin Port and Howth head in this C-shaped inlet.   
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Marine ecosystems such as BI provide important environmental functions such as 
sediment retention, nutrient removal and transformation (Costanza et al. 1997; Gunnell et al. 
2013). These coastal systems are sensitive to anthropogenic influence that can lead to habitat 
destruction and loss, nutrient cycling perturbations and pollution (Bosch & Cooper 2009).  BI 
is susceptible to riverine input from various rivers and smaller streams, with the Santry River 
being the most influencing on the island (Wilson 2003) (Figure 2). Salt marshes are under 
threat around the world from land reclamation, industrialisation, sedimentation and other 
factors (Gunnell et al. 2013).   
Research conducted on BI varies from historical studies to pollution research (Wilson 
1982 McBreen & Wilson 2006; Koutsogiannopoulou & Wilson 2007; Brooks et al. 2016;  
Murphy et al. 2016). Much of this research is in response to the attraction of the island for 
tourism (Brooks et al. 2016) and visiting bird species (Lalor 1989). The soil and sediment in 
BI is heterogeneous, with a range of sediments and particle sizes present (Brooks et al. 2016).  
Hydrocarbon pollution can be from natural seepage (~ 47%) or anthropogenic sources 
(~ 53%) (Kvenvolden & Cooper 2003). Polycyclic aromatic hydrocarbons (PAHs) are a group 
of compounds most commonly associated with anthropogenic hydrocarbon pollution (Abdel-
shafy & Mansour 2016; Sun et al. 2016; Murphy et al. 2016; Kim et al. 2017). They are 
persistent organic pollutants (POPs) and have been widely studied due to their ubiquitous and 
toxic nature in terrestrial and marine environments (Hung et al. 2008; Martinez et al. 2004; 
Raoux et al. 1999; Song et al. 2002; Wilcke 2000). PAHs are a concern due to their 
carcinogenic, mutagenic and teratogenic properties (Abdel-shafy & Mansour 2016; 
Krasnoschekova 1979) and adverse influence on marine biota (International Agency for 
Research in Cancer 1983; McCready et al. 2004; Woodhead et al. 1999).  
As a result a group of 16 PAHs are listed as priority pollutants and their structures can 
be seen in Figure 3 (EU 1976; EU 1980). Anthropogenic PAH sources include combustion of 
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fossil fuels, vehicle emissions, petrochemical spills and burning of biomass (Hung et al. 2008; 
Simoneit 1989). PAHs interact with the marine system by gas exchange at the air water 
interface, or via dry soot deposition or precipitation. Once in the water they bind to particulate 
matter and accumulate in sediment (Oros & Ross 2004; Murphy et al. 2016). The Irish EPA 
enforce the EU’s Water Framework Directive by monitoring over 200 priority substances 
including 8 PAHs (European Union and European Parliament 2000). These compounds are 
stable, lipophilic, hydrophobic and have been shown to survive in ancient sediments (Killops 
& Killops 2005). 
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Figure.3: Structures and nomenclatures of 16 PAHs on the US EPA Priority PAH list (Yan et 
al. 2009).  
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 The strong lipophilic tendencies of these compounds allows them to be stored in the 
fatty tissues of mammals and to travel through the food chain (Rengarajan et al. 2015). 
Although PAHs are mainly anthropogenically-produced, they can occur naturally in soils and 
events such as volcanic activity or natural seepage from oil and coal stores can release PAHs 
into the environment (Abdel-shafy & Mansour 2016). It has also been shown that salt marsh 
areas similar to BI have a high capacity for containment of PAHs due to the  sequestration of 
organic contaminants in salt marsh plants (Gonçalves et al. 2016).  
PAHs were recently analysed in the sediments of the greater Dublin Bay (Figure 4), 
adjacent to the sampling area in this study (Murphy et al. 2016). High molecular weight PAHs 
with 4 and 5-ringed compounds were prevalent. The source of PAHs in the bay was shown to 
be primarily from atmospheric deposition, with a PAH range from 12 ng/g to 3072 ng/g (Figure 
4). The toxicity of PAHs in sediments can be evaluated by ERL (effect range low) and ERM 
(effect range medium) values suggested by Long et al (1998) of 0.55 µg/g and 3.17 µg/g 
respectively. Concentrations of PAHs in marine sediments over the ERM have potential for 
biological toxicity. In the study by Murphy et al. (2016), the average PAH levels for the bay 
were below the ERL but PAHs were not evenly distributed throughout the sampling area 
(Figure 4). 10 individual sample stations exceeded the ERL with some sample sites with a total 
PAH concentration of 3.072 µg/g which is close to the ERM. 
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Figure 4: PAH spatial distribution in µg/g in the outer Dublin Bay, image from Murphy et al. 
(2016). Bull Island can be seen on this map, to the left of the sampled zone. 
 
Furthermore, in a study of organic pollutants in Dublin City and its environs (Andersson 
et al. 2011) it was found that the soils of the inner city had highest concentrations of all 16 PAH 
compounds that were determined. PAHs were detected across the city, with maximum 
concentrations, over the ERM, occurring in the city centre (63,000 ng/g). This was attributed 
to historical sources of domestic coal burning and industrial emissions but it was deemed likely 
that PAH concentrations would decline gradually over time in response to the bituminous coal 
ban put in place in Dublin in 1990. Unfortunately, PAHs were not studied on Bull Island. 
Metals are present in the marine sediments either naturally or through industrial activity 
(Rashdi et al. 2015; Reimann & Caritat 2000). Lead is an important environmental contaminant 
and is known to cause developmental complications in children, with lead-based paint being 
the most common source (Tiwari et al. 2013). Other sources include waste incineration (there 
is a new incineration facility in Dublin Port (https://www.dublinwastetoenergy.ie/)), sewage 
Bull Island 
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sludge, fires, natural sources and electronic wastes.  Both chromium and lead are listed as 
priority pollutants due to their known toxicity and have been shown to have carcinogenic 
properties, over a concentration of  0.015 ppm (Environmental Protection Agency Ireland, 
2006; U.S. Department of Health and Human Services 2002). 
Chromium is essential for humans in its Cr(III) form but is toxic in its other main, more 
soluble form; Cr(VI) (Vajpayee et al. 1999). Anthropogenic sources include the chemical 
industry, sewage sludge, waste incineration and some phosphorus fertilisers (Sedman et al. 
2006). It also occurs naturally. The length of time that metals remain in sediment depends on 
many variables such as their chemical and sediment properties such as particle size 
(Molamohyeddin et al. 2017).  
Andersson’s study (2011) showed that Bull Island contained high levels of hexavalent 
chromium and lead (Andersson et al. 2011). Background levels of chromium and lead were 
established in non-contaminated sites as; 21-59 ppm and 30-120 ppm respectively. Samples 
from North Dublin, taken from Santry had lead levels of 663 ppm, more than 5 times that of 
the background levels. The Santry river flows into Bull Island (Figure 2), providing a possible 
source of lead to the island. These values are notably above the median values for lead (102 
ppm) and chromium (59 ppm) in European soils (Luo et al. 2012) and lead also exceeded the 
recommended levels for soil of sustainable quality (85 ppm) (Dutch Ministry of Housing 
Spatial Planning and Environment (VROM) 2000). Lead can be found in a variety of matrices 
including plants (Sharma & Dubey 2005) and mammals (Neathery et al. 1975), with the 
accumulation of lead common in the upper layers of sediments (Auber and Pinta 1977). 
High concentrations of anthropogenically-produced metals are expected in localised 
areas of urbanisation and industrialisation (Al-Masri et al. 2006) and as seen in the Dublin Soil 
Urban Geochemistry (SURGE) Project (the first in-depth baseline geochemical study of top 
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soils in the greater Dublin area), they generally decreased with distance away from 
industrialised areas (Glennon et al. 2014). 
Iron plays a large role in the cycling of sulfur, phosphorus, carbon and many other trace 
elements in marine sediments as it can be present in several forms of reactive oxides (Wei-wei 
et al. 2018). Available iron in sediments can be toxic to human and marine life (Murad & 
Fischer 1988). The National soil database project mapped iron concentrations across Ireland 
and found average concentrations of iron between 20,100 ppm and 25,000 ppm in County 
Dublin (Fay. et al. 2007). Iron is a micronutrient that has an influence on ocean primary 
productivity and is an important component of the ocean’s biogeochemical cycles (Tagliabue 
et al, 2017). It has also been strongly associated with the carbon cycle and organic ligands can 
control the concentration of dissolved iron in seawater. Furthermore, a major role for iron in 
the preservation of organic matter in sediments has recently been shown and it was suggested 
that since reactive iron can be stable over geological timescales, it could be an important factor 
in the long-term storage of carbon (Lalonde et al, 2012). 
Calcium (Ca) is naturally ubiquitous and necessary for fundamental cellular functions 
within plant cells. It plays a specific role in cell division, plant defence and response to stress 
(Candan & Tarhan 2005), although very small concentrations of Ca2+ are necessary for these 
basic functions. Higher concentrations of Ca2+  can be detrimental in cells, causing oxidative 
stress and affecting chlorophyll necessary for photosynthesis (Candan & Tarhan 2005; Tanaka 
& Tsuji 1980). Aluminium (Al)  is also naturally ubiquitous but can be toxic to aquatic life 
such as invertebrates at high concentrations by inhibiting metabolic processes (Rosseland et al. 
1982). It can accumulate in plants leading to increased risk of transport of the metal up the food 
chain (Mossor-pietraszewska 2001). High concentrations of Al can depress the absorption of 
necessary elements into plants through the root systems (Fay. et al. 2007; Mossor-
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pietraszewska 2001). The concentration of Al necessary to affect the growth of a specific plant 
depends on the susceptibility of the plant, the pH and other environmental stresses.  
The effects of climate change have already been seen globally (IPPC 2014a), with 
predictions of higher rainfall and an increase in storms modelled for Ireland in the future 
(Dwyer 2012). Aeolian and marine movements are causing a continuous accretion of sand 
deposits in the sand dunes in BI whilst simultaneous erosion of the island’s coastline is 
occurring (Gibson et al 2012). Coastal progradation was estimated by Gibson et al (2012) at 
ca.2.4 m/year in the south region of the island and 0.55 m/year on the northern parts of the 
island suggesting constant change in the area. In recent years, scientists and policymakers have 
pushed to highlight and protect carbon stored in coastal wetlands, known as blue carbon 
(Tollefston 2018). Blue carbon is the term for carbon sequestered by the world's ocean and 
coastal ecosystems. Tidal wetlands and coastal vegetated habitats have a very high capacity for 
the uptake and long-term storage of carbon  (Kelleway et al. 2017). Estimating the quantity of 
carbon stored in coastal wetlands globally is challenging but understanding the rate of carbon 
sequestration, although difficult, would allow us to predict and manage the carbon storing 
capabilities of these ecosystems. We know that the high capacity for carbon storage is a result 
of at least three characteristics of coastal wetlands: 
1. They can efficiently assimilate particulate carbon originating from within the 
ecosystem (autochthonous) and/or from external sources (allochthonous) (Kennedy et 
al. 2010). 
2. Plants growing in these environments are very productive in converting CO2 into plant 
biomass C (Alongi 2002; Nixon 1980) and; 
3. The biogeochemical conditions within sediments lock carbon in by slowing the decay 
of organic material (Fourqurean et al. 2012; Kristensen et al. 2008; McLeod et al. 2011). 
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This means that carbon in such settings can accumulate for centuries but will be very much 
influenced by coastal change brought on by processes such as sea-level change, ocean 
acidification and increased flooding. 
Coastal systems respond to natural and anthropogenic forces that pose significant 
threats to sustained societal and economic development such as climate change and sea level 
rise (IPCC 2012; Gibson et al. 2012). Combined processes drive increasingly intense storms, 
flooding events, and erosion, which adversely affect economic activity and have serious 
consequences for impacted communities, and which are expected to worsen over time 
(Kantamaneni et al. 2018; Bevacqua et al. 2018). BI has a large salt marsh zone (Figure 5). Salt 
marshes are very important environments globally as they provide a barrier between coastal 
waters and terrestrial land, a sink for pollutants and an ecosystem for wildlife (Sivaperuman & 
Venkatraman 2015). 
Assessment and prediction of coastal vulnerability can only be achieved by the 
systematic and sustained monitoring of the physical, chemical and biological processes that 
occur in coastal zones. Integration of multi-disciplinary tools is required to address important 
societal challenges such as coastal vulnerability, port security and marine pollution (Angelini 
et al. 2018; IPPC 2014). Here we conduct a spatial characterisation of soils and sediments from 
BI that are then mapped to provide a snapshot of chemical and physical conditions on the island 
in 2016. These maps are then used, together with statistical analysis to look for information on 
the sources and fate of pollutants, natural organic matter and metals. Lastly, some sediments 
were sampled a year later and analysed for PAHs to investigate temporal change. A summary 
of analysis carried out is shown in Table 1. 
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Table 1: Analysis carried out in this Bull Island study  
Physical analysis Chemical analysis 
 Particle Size Analysis (PSA): 
 
 Total nitrogen content (%TN) 
 
o % Clay  Electrical conductivity (EC) 
 
 
 
o % Silt  PAHs 
 
o % Sand  Total organic carbon content (%TOC) 
 
 Average Particle Size  Fe, Cr, Al, Cr, Pb, Ca 
  pH 
  Organic matter content (%OM) 
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2. Materials and Methods 
2.1 Study area 
Bull Island (Figures 1, 2, 5 and 6) is a 4.85 km long man-made sand island, situated in 
Dublin Bay on the East coast of Ireland. North BI grew parallel to the shore in a C-shaped inlet. 
The formation (and continual advancing) of the island involves a combination of constant 
destruction and growth. The sediments in Bull island and its surrounds are heterogeneous and 
can be divided into four zones; mudflat, salt marsh, the island and the intertidal zone (Figure 
5). The inner area adjacent to the mainland is influenced by tidal action, with sandy beaches 
and mudflats becoming exposed at times of low tide (NPWS [National Parks and Wildlife 
Services] 2014). The water flow around BI is clockwise, North to South (Harris 1977; Brooks 
et al, 2016). This simple concept of water flow has been complicated due to the construction 
of the walls surrounding BI and also influenced by the headlands of the Bay (see Figure 5 for 
flow of tidal waters in the study area). 
 
 
Figure 5: Map of Bull Island showing four sampling zones and flow of tidal water into the 
study area 
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Lagoons between BI and the mainland receive and supply water through two channels. 
The River Naniken flows into the southern lagoon, whereas the northern lagoon transfers water 
to and from Sutton Creek, with the Santry River having a small impact on the water flow in 
this area (Figure 2) (Brooks et al. 2016).  
Two rivers enter the Irish Sea via Bull Island. The Santry and the Naniken River flow 
into the lagoon, accompanied by other, smaller streams (Figure 2). Nutrient input into the BI 
lagoon has been a major problem in the past, with the main sources including sewage discharge 
and input from rivers (Wilson 2005). The wastewater treatment plant in Ringsend is unable to 
accommodate the rising population levels, so although the sewage treatment process has 
improved in the last 10 years, the release of sewage poses a risk to flora and fauna in the 
biosphere (Dublin City Council (DCC) 2013).  Bull Island is adjacent Dublin Port (Figure 2), 
the busiest port in Ireland, which contains several other industries including a wastewater 
treatment plant and a waste-to-energy incinerator.  
 
2.2 Sample locations  
  Sampling locations were generated using ArcGIS (version 10.4) and R statistical 
programmes (Figure 6). The GRTS (Generalised Random Tessellation Stratified) package in 
R was used to generate the sampling locations (Stevens & Olsen 1999). Using ArcGIS, the 
sampling area was divided into four sampling areas; Bull Island, the mudflats, salt marsh and 
intertidal regions (Figure 5). Samples were then divided unequally into each sampling area. A 
higher number of samples was allocated to the mudflat and salt marsh areas where organic 
matter was expected to be higher, compared to the intertidal samples, beyond the island. 
Sample numbers were allocated as follows: mudflats 20, salt marsh 15, Bull Island 10 and 
intertidal 10. Coordinates and sample descriptions are listed in Appendix 1. As the large 
majority of the study area gets completely covered in tidal water, an error diameter of 5 metres 
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from each sampling point was chosen in order to allow for large objects, for example stones, 
and inaccessible sample points.  
  
 2.3 Sampling 
The majority of samples were taken on foot, using a handheld Garmin eTrex 20x GPS 
and photos were taken of each sample area and given a unique sample code. A 10cm x 10cm x 
10cm sample point was marked out using a trowel, which was rinsed well deionised water, then 
with acetone before each use to remove any traces of organic matter, that can cause 
contamination. At each sample point, 2 samples were taken. One sample from each site was 
stored in a pre-labelled plastic bag for physical, non-organic analysis and another was stored 
in an inert pre-furnaced jar, with a PTFE lined lid for organic analysis. All sampling equipment 
was cleaned between each sampling point to prevent any cross contamination of samples. 
Sampling of the intertidal area was carried out on a small research vessel. Samples were 
transported back to the lab and stored at -20°C until analysis.  
Figure 6: Map of inner Dublin Bay and identified sampling locations. 
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2.4 Sample Preparation prior to extraction for PAH analysis  
Samples of between 3 g and 7 g were air-dried (room temperature ~20°C), sieved (40 
mm mesh) and homogenised prior to extraction. The mass of sample extracted depended on 
the organic matter (OM) content of individual samples. Sample weights between 3-5 g were 
suitable for higher OM samples (≥20% OM) and samples mostly consisting of sand, and 5-7 g 
of sample was extracted for samples of low OM content (≤20% OM), as more sample was 
required to show sufficient peaks of PAHs on the GCMS software. Final quantification was 
adjusted to reflect initial extraction quantities. All samples were extracted in triplicate. 40 ml 
amber glass collection vials were pre-furnaced before use.  A new, unused PTFE-lined septum 
was used for each collection vial to avoid cross contamination.  
 
2.5 Accelerated solvent extraction (ASE) method  
Sediment samples were extracted using a Dionex Accelerated Solvent Extractor (ASE) 
(model 200) instrument. This automated system extracts organic compounds from sediment 
samples using HPLC and GC grade solvents (>99% purity). 33 ml extraction cells were used 
for analysis, using pre-furnaced sand as a packing material (furnaced at 500°C for 6 hours, to 
remove all organic matter). This automated system extracts organic compounds from sediment 
samples using HPLC and GC grade solvents (>99% purity). Dichloromethane (DCM) was 
heated to 100°C and drawn through 33 ml stainless steel extraction cells under high pressure 
(1500 psi) to enhance extraction. The extraction of PAHs involved an initial preheat of 1 min, 
heat at 100°C for 5 min and static for 6 mins and included a 60 % flush volume and a last purge 
of 60 seconds (Heemken, 1997). Each extraction cell was extracted for 1 full cycle, allowed to 
cool to room temperature, then stored upright at -30 °C until analysis. A PAH recovery 
experiment was carried out before further analysis of the samples via this method. Previously 
tested, PAH free sediment samples were spiked with the following deuterated PAH standards; 
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naphthalene (d8), acenaphthene (d10), anthracene and perylene (d12) giving a recovery range 
of 75 - 100 %. Recovery was determined using a range of sediment types (sand, mud and sandy 
mud) to gain an accurate recovery percentage for the heterogeneous samples from Dublin bay.  
Post extraction, samples were dried, using a rotary evaporator to 1 ml in pre-furnaced 
round-bottom flasks at a temperature of 25°C. Once the volume of sample reached roughly 1 
ml, the contents of the round-bottom flask were transferred to a 1 ml volumetric flask, using a 
furnaced glass syringe, to ensure that the samples were made up to exactly 1ml for quantitative 
purposes. Finally, the 1 ml samples were transferred into pre-labelled GC vials and a spatula 
tip full of activated copper was added to the extracts to remove sulphur. The 1 ml extracts were 
shaken for 24 hours in the dark and were then subsampled and stored for analysis.   
 
2.6 GC-MS analysis of PAHs 
Analysis of samples was carried out on a gas chromatograph mass spectrometer (GC-
MS) (Agilent 5975C Quadrupole MSD with triple axis detector), along with an auto-sampler 
system. A HP5MS fused silica (Agilent) column was used (30 m x 0.25 mm i.d) with a film 
thickness of 0.25μm. Helium of ultra-high purity was the carrier gas and had a flow rate of 
1ml/min. 1 μL of sample was injected the injector port, which was set at 250 °C with a 2:1 split 
injection, the initial oven temperature was 70 °C for 0.5 min and increased at 10 °C/min to 300 
°C and held for 20min; with a total run time of 45 min. The GCMS interface and the ion source 
were set at 300 °C and 230 °C respectively. Selected ion mode (SIM) was used for 
identification of the 16 PAHs (this method was chosen post method development, explained in 
Section 3). A filament delay of 6 minutes was used. The mass spectrometer (MS) uses electron 
impact mode with ionisation energy of 70 eV and a mass scan range set from 30 to 650 Da. 5α-
cholestane was the internal standard for all samples.  
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In BI sediment samples, the 16 priority PAHs were quantified using the cholestane 
internal standard and a calibration curve produced from a 16 PAH certified reference material 
(CRM) standard. Chromatogram analysis was carried out using Chemstation software 
(Agilent). NIST, Petrochem and Wiley spectral libraries were used to identify compounds. 
Structures were confirmed using the literature and Ion extracted chromatograms in 
Chemstation. SIM mode was used to quantify 16 PAHs. Limits of detection (LOD) and limits 
of quantification (LOQ) for the classes of PAHs ranging from 2 benzene rings to 6-benzene 
ringed compounds were calculated from these calibration curves. Figure 7 shows the 16 PAH 
CRM total ion chromatogram (TIC) and Figure 8 shows the mass spectral fragmentation pattern 
of naphthalene, a 2-ring PAH commonly occurring in BI samples. Table 2 shows the elution 
order and retention times of the priority 16 PAHs tested in this study.  
 
Figure 7: PAH certified reference standard (CRM) total ion chromatogram (TIC). The first 
peak at 7.94 minutes was identified as Naphthalene using the MS software. The second and 
third peaks are 2- and 3-methyl-napthalene that were not quantified in this study. The 
remainder of peaks are referred to in Table. 2.  
 
 
Minutes 
Internal standard (Cholestane) 
peak. Retention time 24.6 minutes 
Naphthalene peak. Retention 
time 7.92 minutes 
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Table 2: List of 16 PAHs, order of elution and average retention times 
Order of Elution Compound  Retention Time (minutes) 
1 Naphthalene (peak 1 in Fig. 7)  7.94 
2 Acenanaphthylene  11.59 
3 Acenaphthene              12.05 
4 Fluorene              13.25 
5 Phenanthrene  15.43 
6 Anthracene  15.53 
7 Fluoranthene  18.25 
8 Pyrene  18.8 
9 Chrysene  21.62 
10 Benz (a) anthracene  21.7 
11 Benzo (k) fluoranthene  24.08 
12 Benzo (b) fluoranthene  24.13 
13 Benzo (a) pyrene  24.74 
14 Indeno (1,2,3,- cd) pyrene  27.1 
15 Dibenz (ah) anthracene  27.17 
16 Benzo (ghi) perylene  27.71 
 
 
 
 
Figure 8: Naphthalene Mass Spectral fragmentation pattern (from 16 PAH CRM, Figure 7) 
(TIC). 
 
Parent ion 128 for Naphthalene 
 
m/z (ion mass number) 
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2.7 PAH Limit of quantification and Limit of detection  
The limit of quantification (LOQ) and limit of detection (LOD) was calculated for each 
group of PAH compounds according to the number of benzene rings (see Equation 1 and 2 
below). A LOQ and LOD was determined for 2 ring PAHs using naphthalene, fluorene (3-
ring), phenanthrene (4-ring), pyrene (5-ring) and benzo (ghi) perylene (6-ring). The LOQ for 
each PAH ranged from 22.50 ng/g (all 5 and 6-ring PAHs) to 67.50 ng/g (fluorene). The LOD 
ranged from 7.43 ng/g (all 5 and 6-ring PAHs) to 22.20 ng/g (fluorene). The LOQ and LOD 
were calculated using Equations 1 and 2 (ICH 2005);  
LOD=
Average standard deviation of 5 peaks of a compound (e.g fluorene) × 3.3
slope of calibration curve
 Equation 1 
LOQ =
average standard deviation of 5 peaks of a compound (as above) × 10
slope of calibration curve
 Equation 2 
 
2.8 Particle size analysis (PSA)   
PSA analysis was carried out on a Malvern Mastersizer 2000 laser diffraction particle 
size analyser system. This instrument determines particle size by independent laser class 
analysis and allocates the percentages of clay, silt and sand present in a given sample., along 
with the average grain size of a given sediment sample. Sediment types can vary between 
poorly sorted to well sorted grains. All BI samples were sand based, with a variance in the 
sorting and mud percentages. Sediment samples were sent to University College Cork for 
analysis.  
2.9 Elemental analysis 
An elemental analyser (EA) (Fisons model NA 1500 NCS, series 2) was used to 
determine the percentage composition of carbon, hydrogen and nitrogen (CHN). A reaction 
tube facilitates the measurement of these elements using Helium as the carrier gas. For CHN 
analysis, air dried, ground and sieved BI samples of 4.0 - 5.0 mg were weighed out and placed 
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into tin boats and inserted directly into the EA auto-sampler for analysis. The run time for 1 
sample is 10min. Total organic carbon (TOC) was determined by acidifying the homogenised 
sediment samples with 2M HCL. 4.0 - 5.0 mg of sample was weighed into silver, acid resistant 
capsules, and placed into the oven at 80°C to remove all inorganic carbon, prior to placing onto 
the auto-sampler of the EA. All samples were analysed in triplicate.  
 
2.10 Organic Matter, Moisture content, pH and EC 
 Organic matter percentage was determined by loss on ignition heating 3-5 g dry weight 
of sample in ceramic crucibles at 550°C for 8 hours (Hoogsteena et al. 2015). The samples 
were weighed using an analytical balance before and after being heated to determine the exact 
loss of mass. Percentage moisture was also determined using this method. Samples were run 
in triplicate. The 5:1 method of water to sediment was used for pH and elemental composition 
(EC) analysis (ISO 10390:2005). 5-parts deionised water to 1-part sample by volume was 
mixed then placed into a clean reagent bottle and shaken for 1 hour on a horizontal shaker at 
160 strokes/min. Samples were allowed to settle, and pH was determined using a bench top pH 
probe. Samples were filtered before EC analysis.  
 
2.11 Metal analysis 
The metals aluminium (Al), calcium (Ca) and iron (Fe) chromium (Cr) and lead (Pb) 
were extracted for analysis after digestion in 2M Aqua Regia (nitric acid and hydrochloric acid 
mixture) for 2 hours at 108°C. For each sample 0.5 g of dried, ground with a pestle and mortar, 
and sieved (2 mm) sample was weighed out and 5 ml of Aqua Regia was added to the digestion 
tube. After digestion was complete samples were cooled and filtered through Whatman 1 filter 
paper. The samples were then diluted to 25 ml for heavy metals and 50 ml for metals. Analysis 
was conducted via ICP-OES (model Varian Vista MPX). Due to samples having very high 
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levels of silicates and carbonates samples were also analysed using XRF (model Niton XL3t) 
due to potential possible interferences when analysing for multiple elements with ICP.  
 
2.12 Statistical Analysis and Mapping 
 The mapping of all parameters were produced using ArcGIS software (10.4) using 
inverse weighting distance interpolation techniques (IDW). IDW assumes that the sample 
points closer together have more of an influence on each other, in comparison to the points that 
a further away. Principle component analysis (PCA) was carried out using PAleontological 
STatistics (PAST) (V3.17) on all multi-variable data (Hammer et al 2001). PCA was used to 
relate data sets to determine relevant associations between components based on individual 
sample results. Due to the large variation in data, hierarchical cluster analysis was then applied 
to identify clusters with similar properties (results in section 4). ANOVA (analysis of variance 
test) was then conducted on these clusters using the mean average of PAH concentration to 
investigate a potential significant difference between each cluster. A further PCA was then 
conducted on sample groups after the individual samples were grouped based on OM content. 
This was done to investigate if samples with similar OM were closely related. One-way 
ANCOVA (analysis of covariance test, carried out after ANOVA) was then conducted to 
investigate if a linear relationship between OM and PAH existed and if not where there was a 
significant difference between OM and PAH concentration. Statistically significant 
correlations between PSA, PAHs, Metals, %OM and %TOC were established using Pearson’s 
correlations in PAST and a stepwise regression analysis was conducted using R Statistics 
(version 3.4.3) to identify the variables that were most closely related to PAH concentration. 
Cross-plots were constructed in PAST software. 
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3. Method Development 
Method development was carried out during the extraction stage of PAH analysis and also 
during quantifications. Extraction parameters and experimental variables were altered to 
quantify PAHs as accurately and efficiently as possible. The method development for this 
project involved three steps.  
3.1 Extraction Solvent (DCM/Acetone vs DCM alone) 
A variety of solvents have been used in past research to analyse PAHs in environmental 
samples (Saim et al. 1998; Arienzo et al. 2017). The samples in this project vary in geochemical 
properties such as particle size, organic matter, carbon content, pH and EC. Thus, some samples 
may not be optimally extracted with a particular solvent. Initially, samples were extracted using 
a 50:50 mix of Acetone/DCM as carried out by Saim et al. (1998). This resulted in a reaction 
of some samples with the mixture of solvents, causing a cloudy precipitate to form at room 
temperature. The same samples were further extracted using dichloromethane (DCM) alone as 
a comparison, with no precipitation forming, so DCM was chosen as the only solvent required 
for extraction of PAHs as it gave a cleaner extract. There are a number of variables that can be 
altered in the extraction using an ASE instrument, including solvent temperature, number of 
cycles in a run and extract volume. A recovery experiment determined that no other 
adjustments needed to be carried out to improve extraction.   
 
3.2 SIM vs TIC for quantification of 16 PAHs 
The samples collected from BI were very heterogeneous, visually. Samples varied in 
colour, from dark brown-black, thick, heavy mud samples, to light brown samples mainly 
composed of sand. It was clear that samples differed from the time of sampling and that analysis 
may prove difficult. Samples were first analysed on the GC in total ion chromatogram (TIC) 
mode, which shows all visible peaks detected. When samples were run in TIC mode there were 
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a large number of peaks, sometimes overlapping, which made it harder to identify the 16 PAHs. 
This is an acceptable method to use when quantifying a very clean sample, containing only a 
defined number of peaks that are separated well, for example TIC mode was sufficient when 
looking at the 16 PAH CRM as in Figure 7. In order to easily detect theses PAHs from the 
environmental samples, selected ion mode (SIM) was used with great success as the peaks were 
much easier to identify.  
3.3 PAH quantification from TLE vs quantification post SPE 
The accuracy of sample quantification can also be compared before and after a clean-
up step such as solid phase extraction (SPE). Total lipid extracts (TLE) were fractionated into 
neutral lipid (NL) fraction by extraction with chloroform by solid phase extraction (SPE). The 
filter size was 40 µm and SPE Bond Elut NH2 cartridges of 3 ml volume were used. Addition 
of chloroform extracts the NL fraction from the total lipid extract. Figure 9 and 10 show 
chromatograms of a TLE and NL extract from a Bull Island sample (sample ID: 36). The 
outcome of this comparison is that the SPE step reduced the background noise of the 
chromatogram slightly, but there was still a presence of other peaks that were extracted by 
chloroform into the neutral lipid fraction, other than the 16 PAHs. It was thus decided that it 
was not necessary to spend time carrying out SPE. It was decided that the first extraction of the 
TLE, analysed by SIM mode, is still a preferred method for this study, as peaks are visible and 
quantifiable as was seen in other studies (Yang et al. 2018; Wallace et al. 2017). 
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Figure 9: Total lipid extract (TLE) in TIC mode. Example of Bull Island sample 36 (no SPE 
carried out) 
Figure 10: TIC of Neutral lipid fraction of Bull Island sample 36 (SPE carried out) 
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4. Results 
 
4.1 Physical and Chemical analysis of Sediments 
 
4.1.1 Particle size analysis  
Particle size analysis (PSA) showed the percentage sand, silt and clay and the average 
grain size in the soils and sediments of Bull Island. The distribution of these properties can be 
seen in Figures 11, 12 and 13 (n=31) where PSA results were interpolated to predict sediment 
type beyond the sample point. Appendix 2 outlines the distribution of sediment grains in BI 
(mean grain size (µm), sorting, clay %, silt %, mud %, sand % and sediment description).  
Percentage clay and silt in BI ranged from 0-14.1% and 0-43.75% respectively with the 
intertidal zone showing lower silt and clay % beyond BI and on the beach areas. Sand 
dominated the sediments, with 13 of 31 samples containing over 90 % sand and silt varied 
between 1-43 %. This was expected as BI is an island originating from the deposition of sand 
and silt. Samples ranged from poorly sorted muddy sand to well sorted sand, with mean grain 
size ranging from 106.9 µm to 506.9 µm.  
Sand dominated the intertidal zone, with all samples containing ≥95% sand, except 65, 
in the intertidal zone that consisted of 80% sand, and the remaining 20% was clay and silt. In 
general, the mudflats and salt marsh were dominated by a combination of silt and clay, and the 
island consisted mostly of a combination of silt and sand. Samples 45, 46 and 47 taken from 
the island were ≥99% sand as they were taken from sand dunes. Samples 07, 15, 23, 6 and 41 
contained the highest values for clay content, originating in the salt marsh and mudflat areas.   
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Figure 11: Percentage Clay distribution map 
 
 
Figure 12: Percentage sand distribution map 
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Figure 13: Percentage silt distribution map 
 
 
4.1.2 Organic matter percentage 
Organic matter (OM) percentage shows the percentage of animal and plant residues in 
various stages of decomposition in a sediment sample. Organic matter (OM) percentage in BI 
soils and sediments is mapped in Fig. 15 and varies between 0.50 – 62.0 % OM (Appendix 3). 
As expected there are higher concentrations of OM in the southern lagoon area and on BI, with 
consistently low OM in intertidal samples. The highest values of OM were at sample stations 
29, 33, 37 and 39, all of which are in the salt marsh zone. Organic matter content is generally 
low in areas of high sand content (Fig. 8) and higher in areas with the higher volume of fine 
clay and silt-based sediments.  
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4.1.3 Total organic carbon and total organic carbon/Nitrogen (C:N) Ratio 
The measurement of organic matter in sediments is not straight forward and varies in 
the analytical approach used. This is because quantification through simple weighing is not 
possible due to the strong association between organic matter and the inorganic component of 
sediments. The most common method used to quantify OM is through analysis of total organic 
carbon (TOC) where organic carbon is combusted to CO2 after removal of inorganic material 
by acid treatment. Organic carbon is a major component of all organic matter and through years 
of empirical evidence total organic mass can be calculated, on average as twice that of TOC 
(Achterberg et al. 2009). The total organic carbon to nitrogen ratio (C/N ratio) in soils and 
sediments is a useful proxy that is employed in paleo-climatic (Ishiwatari & Uzaki 1987), 
agricultural (Friedel & Gabel 2001), composting (Barrington et al. 2002), marine and 
sedimentary research (Rumolo et al. 2011; Kähler & Koeve 2001). It is a powerful tool that 
can contribute to investigations of climate and carbon cycling, ecology, ocean and freshwater 
Figure 14: Percentage Organic Matter (OM) distribution map. 
 
Figure 19: PAH distribution map (ng/g)Figure 14: Percentage Organic Matter (OM) distribution 
map. 
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circulation through time and optimal soil conditions for growth. In coastal environments where 
organic matter will come from several sources, the C/N ratio helps us establish whether OM is 
terrestrial (C:N ratios generally higher than 15) or marine (C:N between 4 and 15) in origin 
(Meyers 1997). 
Total organic carbon (TOC) and total organic carbon/nitrogen ratio (C:N) were 
quantified using an elemental analysis instrument (see Appendix 3, n=59). TOC ranged from 
0 - 15.95 % (Fig. 16) with samples of high sand content containing the lowest TOC and OM 
concentrations overall. The highest concentrations of TOC occurred in areas of ≤ 92.5 % sand, 
with a maximum TOC content of 3 % in areas where the sediment is 100 % sand. TOC was 
higher in sediments with more predominance of silt and clay particles, suggesting that the 
organic carbon adheres to the finer sediments or that there are depositional zones, as suggested 
with the OM content. 
  
 
Figure 15: Percentage total organic carbon (%TOC) distribution map 
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The ratio of TOC to total nitrogen content (C:N) varied across the sampling area, 
between 2.0 - 43.2 (Fig. 16). The samples of C:N values over 35 occurred in areas of higher 
silt content, particularly along the roadway, on the right hand side of the levee road that 
intersects the middle of the island. The intertidal zone contained the lowest TOC:N values 
between 1.0 - 15.0, samples on the island and salt marsh contained a ratio of ≤35 and highest 
values were found in the mudflats. Overall, all four zones mapped in Fig. 16 have a large 
variance in C:N ratios, with the maximal numbers occurring in the salt marsh and mudflat 
zones, similar to the OM and TOC values.  
 
Figure 16: Total organic carbon: nitrogen (C:N) ratio distribution map 
 
 
4.1.4 EC and pH 
The electrical conductivity (EC) value relates to the concentration of conductive ions, 
which can indicate whether the area is heavily influenced by marine or freshwater, with a higher 
EC value being sourced from marine sources. A map of EC ranging from 0.06 - 9.24 mS/cm is 
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shown in Figure 18 (for data, see Appendix 4). The island showed lowest EC concentrations, 
where samples are not in direct contact with seawater. The intertidal zone EC values ranged 
from 1.0 to 6.0 mS/cm, whereas areas in the salt marsh and mudflats, specifically samples 15, 
22, 32, 34, 35, 37, 39, 40 and 4 contained the highest values of 7.0 - 9.5 mS/cm. These 9 
samples of higher EC content contained ≤85 % sand, indicating that these samples have higher 
amounts of finer sediments than the samples with low EC content.  
 
Figure 17: Electrical conductivity distribution map (mS/cm) 
 
A map of pH is shown in Figure 18. The pH in the study area ranged from 6.30 - 9.90 
with lower pH values at the southern lagoon area of the salt marsh and mudflats, and also in 
southern BI (see Appendix 4). The pH is slightly acidic in samples 16, 33, 36 and 37 and the 
range in the intertidal zone was moderately basic, with values between 8.0 and 9.9 pH units.  
Overall, the largest range in pH, which varies from slightly acidic to slightly basic (6.5 - 8.5) 
is in the south of the sampling area, where there is also a cluster of samples with high OM 
content and low sand content.   
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Figure 18: pH distribution map 
  
 
4.2 Polycyclic Aromatic Hydrocarbon (PAH) Analysis of Dublin Bay Samples 
The sum PAH concentrations and concentrations of 16 individual PAHs are shown in 
Table 3 and this distribution of PAH’s is presented in Fig. 20 in ng/g. The sum concentrations 
(of 16 PAHs) in individual samples ranged from 32.0 - 8183.0 ng/g across the sampling area 
(see Appendix 5), which is below the sum PAH effect range medium (ERM) of 44,792 ng/g 
(Long et al, 1995). The lowest concentrations of PAHs occurred in samples taken from the 
intertidal zone, where samples ranged from <LOQ to 77.0 ng/g. The PAH content on the island 
was between <LOQ to 1595.0 ng/g. The island sample zone contains several dark blue circles 
which shows very low concentrations of PAHs. These circles are surrounded by a yellow 
colour, which is an interpolation of the results obtained from other samples in salt marsh and 
mudflat zones. As was seen with TOC and OM mapped results, the highest concentrations of 
PAHs were in salt marsh and mudflat zones. PAHs were consistently lower in samples of very 
Aisling Cunningham 10/04/2018 
 
39 
 
high sand content (≥97.5 % sand), with sample 14 (in the northern section of the mudflat, see 
Fig.6 for sample site) as an outlier, containing a value of over 8000 ng/g in an area over 97.5 
% sand. Of the 16 PAHs that were quantified, fluoranthene, phenanthrene and pyrene occurred 
in the highest quantities (see Table 3).  
 
Although the PAH values have a wide range across the sampling area, the majority of 
single 16 PAHs were in concentrations between the effect range medium (ERM) and the effect 
range low (ERL). Three PAHs (acenaphthalene, acenaphthene and phenanthrene) existed 
above the ERM, thus showing a high risk of toxicity at various sites.   
 
 
 
Figure 19: PAH distribution map (ng/g) 
 
Figure 19: PAH distribution map (ng/g) 
Aisling Cunningham 10/04/2018 
 
40 
 
Table 3: Min and Max individual PAH values in sediments 
PAH range (ng/g) max  (ng/g) LOQ (ng/g) ERL (ng/g) ERM (ng/g) 
Naphthalene 33.8-775 775 33.8 160 2100 
Acenanaphthylene 33.8-721 721 33.8 44 640 
Acenaphthene 33.8-1213 1213 33.8 16 500 
Fluorene 67.5-378 378 67.5 19 540 
Phenanthrene 33.8-2771 2771 33.8 240 1500 
Anthracene 33.8-653 653 33.8 853 1100 
Fluoranthene 33.8-2715 2715 33.8 600 5100 
Pyrene 22.5-2183 2183 22.5 665 2600 
Chrysene 22.5-764 764 22.5 261 1600 
Benz (a) anthracene 22.5-1005 1005 22.5 384 2800 
Benzo (K) fluoranthene 22.5-555 555 22.5 320 1800 
Benzo (b) fluoranthene 22.5-601 601 22.5 280 1620 
Benzo (a) pyrene 22.5-622 622 22.5 430 1600 
Indeno (123-cd) pyrene 22.5-554 554 22.5 n/a n/a 
Dibenz (ah) anthracene 22.5-119 119 22.5 63.4 260 
Benzo (ghi) perylene 229.5-599 599 22.5 430 1600 
∑PAH    4022 44792 
 
Three isomer pair ratios, as defined by Yunker et al (2002) were first used in order to 
identify PAH source in river systems in British Columbia, Canada. The ratios include;  
1. indeno[1,2,3-c,d]pyrene/(indeno[1,2,3-c,d]pyrene + benzo[g,h,i]perylene) (IP/IP+BghiP)  
2. benzo[a]anthracene/ (benzo[a]anthracene + chrysene) (BaA/228)  
3. anthracene/(anthracene + phenanthrene) (An/178),  
These ratios were plotted against the parent PAH, Fluoranthene/(Fluoranthene + 
Pyrene) (Fl/Fl+Py) ratio to determine sources of PAHs in Bull Island as used by Oros & Ross 
(2004).  
The PAH sources were determined as follows; 
IP/IP+BghiP ratio <0.20 -petroleum, 0.20-0.50 petroleum combustion, >0.50 - combustion of 
coal, grasses and wood.  
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BaA/228 ratio <0.20 petroleum, 0.20-0.35 - petroleum and combustion, >0.35 –combustion, 
An/178 ratio <0.10 unburned petroleum sources, > 0.10 - combustion source.  
Fl/Fl+Py ratio <0.40 - petroleum, 0.40-0.50 - petroleum combustion, >0.50 - combustion of 
coal grasses and wood.  
Figure 20 shows the isomer ratio cross-plot for PAHs in Bull Island; the blue dots 
correspond to samples. It should be noted that many samples contained below LOQ 
concentrations of individual PAHs required for the isomer ratio calculation, so accurate sources 
could not be assessed for these specific samples, thus the source of PAHs in many samples 
could not be calculated.  
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Figure 20: PAH isomer pair ratios cross-plot for source identification (Yunker et al. 2002; Oros & Ross 2004) 
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4.3 Comparative Study of Dublin Bay Sediments 2016/2017  
 Eight samples from the salt marsh area were analysed for PAHs using the same methods 
outlined above, one year after the initial sampling in 2016 (both sets of samples were taken 
during the summer months June and July) (Figure 21). These samples were taken from the 
same GPS points as the previous samples with a ±5m error diameter around a sampling site, to 
identify a change in concentration at selected sample points after one year. It must be noted 
that these sample sites are highly susceptible to environmental influences such as tidal effects, 
weather events, flooding and anthropogenic influences.  
 
A clear change in PAH concentrations can be seen between 2016 and 2017 (see Table 
4). Although there was no overall trend across all samples, there was an increase in PAHs in 
samples that are close together; 37, 33 and 44 after one year. In contrast, there was a decrease 
in concentration in samples 36, 32 and 38 which were also clustered close together. 
Figure 21: Sampling Map 2 with 8 sites resampled in 2017 for comparative analysis (samples 32, 33 
36, 37, 38, 39, 41 and 44) 
 
Figure 23: Iron percentage distribution mapFigure 21: Sampling Map 2 with 8 sites resampled in 2017 for 
comparative analysis (samples 32, 33 36, 37, 38, 39, 41 and 44) 
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 Sample 39 contained no detectable PAHs in 2016 (all values below LOD) but 
contained 1696 ng/g PAH in 2017 indicating that PAHs were higher one year after the initial 
sampling period. The PAH content in sample 41 was much lower (2702.06 ng/g). There was 
also a higher abundance of high molecular weight (HMW) PAHs in the bay than their low 
molecular weight (LMW) counterparts. The isomer pair ratio calculation showed that these 8 
salt marsh samples from 2017 have the common source of ‘mixed fuel combustion’, which is 
the same source as the previously taken samples in 2016. This indicates that the PAHs found 
in these 8 sample sites were most likely of the same source, yet more repetitive testing is needed 
to carry out a full assessment of the study area.  
Table 4: Comparative sum PAH levels in sediment samples in 2016 and 2017, showing 
an increase in PAHs (+) between 2016 and 2017, or a decrease (-), including standard 
deviation of the triplicate samples. 
Sample 
ID 
∑PAH (ng/g) 2016 ∑PAH (ng/g) 2017 Change in concentration 
(ng/g) (2016-2017)  
37 786.4 ±0.31ng/g  3036.1 ±0.005ng/g  +2249.8  
33 1658.0 ±0.06ng/g  2571.4 ±0.018ng/g +913.4  
44 1055.1 ±0.26ng/g  4425.1 ±0.004ng/g +3369.9  
36 5850.1 ±1.58ng/g  2485.0 ±0.05ng/g -3365.1  
32 7498.3 ±3.59ng/g  3170.5 ±0.016ng/g -4327.8  
38 4596.5 ±0.2ng/g  2469.0 ±0.008ng/g -2127.5  
39 <LOQ ±0.03ng/g   1696.6 ±0.004ng/g +1696.6  
41 6869.5 ±0.5ng/g  4167.4 ±0.04ng/g -2702.1  
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4.4 Metal and Elemental results 
Iron, calcium, aluminium, lead and chromium were analysed in samples from BI. Iron 
and calcium were the most abundant elements in all samples, with low concentrations of 
aluminium, lead and chromium across all samples. Average concentrations of these elements 
are displayed in Table 5. Figure 27 shows the relative abundance of iron, aluminium and 
calcium. Calcium, Iron and Aluminium are declared as percentages as the mapped data, where 
one percent equals 10,000 ppm. This unit is used as these elements occur naturally in the earth’s 
crust, in very high concentrations (Fay et al, 2007).  
 
Table 5: Average Heavy metal concentrations in DB samples (ppm) 
 
 
 
 
 
ID Fe ppm Ca Al Pb Cr ID Fe ppm Ca Al Pb Cr 
2 17689.1 41198.4 2785.8 32.41 34.43 35 48635.54 16751.7 2770.44 113.5 44.01 
4 23413.9 48036.4 3844.1 39.42 34.50 36 57980.48 8430.315 4052.47 439.7 58.09 
06 33440.0 8039.6 3250.6 113.97 42.38 37 47388.27 9633.812 3196.44 122.0 47.32 
7 18663.6 24936.3 3013.9 41.96 57.52 38 37031.28 20531.01 N/A 211.2 62.15 
9 8930.3 69263.0 N/A 18.98 24.03 39 13283.88 19379.64 2154.83 24.8 29.91 
10 13106.5 28076.3 2330.5 24.26 35.17 40 32432.31 13565.27 2235.46 174.5 50.51 
12 22404.1 18514.8 2001.7 49.36 42.73 41 46435.86 11123.28 4079.28 143.2 37.71 
14 7261.7 18419.8 N/A N/A 30.06 42 31033.87 35835.89 N/A 146.3 65.07 
15 27236.0 59182.1 4275.9 60.71 41.58 43 52136.46 13883.52 5252.86 137.5 38.10 
16 37116.5 24188.6 2725.8 125.04 70.03 44 11317.02 35321.89 N/A 22.6 39.71 
17 9768.4 18527.3 1705.0 31.57 49.72 40 31171.23 12449.45 2009.65 170.7 42.72 
18 10541.5 21294.0 1793.4 21.78 32.26 43 55197.56 16620.11 4238.50 158.2 42.85 
19 26816.8 20741.1 3971.9 56.90 39.62 46 14078.77 25439.76 2113.00 152.0 35.56 
20 12650.1 25547.5 1968.9 29.83 35.08 47 7095.387 31269.79 N/A N/A 35.40 
21 6176.3 13171.9 N/A 18.55 27.92 48 7835.547 25921.54 N/A 32.4 46.38 
22 21602.6 12293.9 3440.7 61.36 34.63 49 36687.22 8864.603 3515.24 129.2 38.99 
23 42824.5 14589.1 5187.2 101.59 57.09 50 9240.397 27333.57 N/A 21.3 38.00 
27 10087.8 26016.5 4896.3 30.12 38.49 51 10118.45 26620.62 N/A 17.7 46.45 
29 12118.2 7049.5 1774.0 56.54 42.50 53 21053.35 20628.28 N/A 79.0 34.43 
30 51314.1 17202.1 5711.3 115.80 45.29 54 6126.173 19279.99 N/A 20.6 41.22 
31 48635.5 16751.7 2770.4 113.51 44.01 61 6156.09 19845.36 N/A 21.6 33.89 
32 24328.7 11794.7 2384.7 119.02 44.68 62 7895.34 16789.14 N/A 19.4 29.9 
34 37379.68 13654.87 3314.04 101.9 39.97 63 11742.49 14366.98 N/A 31.7 26.78 
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Calcium (Ca) had an overall range of 0.7-6.9 % Ca (7000- 69000 ppm) (Figure 22). 
Each zone shows a large variance in Ca content. The intertidal zone contained a variation of 
between 1.5 % and 6.9 % Ca, with the higher concentrations generally occuring to the north of 
the island. Samples 1, 9 and 24 in the mudflat zone contained a high Ca content of 6.0 - 6.9 % 
(60,000-69000 ppm), while there was a Ca content of 1.5 – 4 % (15000-40000 ppm) in the salt 
marsh zone and island.  
Figure 22: Calcium percentage distribution map 
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Iron (Fe) results show an overall range of 0.6 to 5.8 % (6000-58000 ppm) Fe, with the 
higher concentrations in the salt marsh and mudflats compared to the intertidal samples beyond 
the island (Figure 23). The iron content in the intertidal zone was ≤ 2.0 %, the island contained 
1 - 4.5 %, but with only one sample containing the upper value of 4.5% and peak Fe is in the 
salt marsh zone in samples 26, 30, 31, 33, 35, 37 and 41. Sample 16 contained the highest Fe 
content in the mudflats at 3.71 %. Areas of high iron content between 4.5 and 5.8 % occur in 
the same places as high PAH content and coincide with the upper values of C: N in the sampling 
area. 
 
Aluminium content varied between 2.0 and 5.70 % (20000-57000 ppm) (Figure 24). 
The lowest Al concentration was in the intertidal zone, with a range of 2.0 to 3.25 %. One 
sample from the island, sample number 48, contained a significantly higher Al content of 4.0 
%, when compared to the other samples in this zone. The highest Al content was found in the 
salt marsh and mud flat samples. Sample numbers 04, 15, 19, 23, 27, 30, 36, 41 and 43 
Figure 23: Iron percentage distribution map 
 
Figure 23: Iron percentage distribution map 
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contained the higher percentages of Al when compared to all other sampling stations. Of these 
8 samples, sample number 30 located in the mudflat zone contained the highest Al content at a 
value of 5.71 %.  
Figure 24: Aluminium percentage distribution map 
 
 
 
 
 
 
 
 
Aisling Cunningham 10/04/2018 
 
49 
 
Lead (Pb) distribution results are shown in Figure 25. The overall range of Pb is 
between 17.8 ppm to 440 ppm. It should be noted that average Pb values across the sampling 
area was 85.31 ppm, which is significantly lower than the max concentration of 440 ppm found 
at sample site 26. The red colour on the map below (Fig. 25) is sample number 26, in the salt 
marsh zone. This result is an outlier when compared to the average result of the sampling area 
of 85.31 ppm Pb.   
Figure 25: Lead distribution map (ppm) 
 Chromium was present between 27.5 ppm and 70.0 ppm, with higher concentrations 
occurring in the salt marsh and mudflat areas, and alongside the bridge that intersects into the 
middle of the island (Figure 26). As has been seen with Pb and Al, the maximum concentrations 
are seen in the salt marsh and mudflat areas which are the two zones with the lowest sand 
percentage. The areas of highest Cr concentration are samples 26, 28, 30, 32, 50 in the mudflat 
zone and samples 04, 10 and 17 in the mudflats. There is a large range in Cr concentration 
present in each of the four zones that were studied. The Cr content in the intertidal zone and 
island were from 35.0 ppm to 45.0 ppm, and from 30.0 ppm to 55 ppm respectively. Although 
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the Cr content on the island varied widely, some values are very low, or not detectable.  The 
highest Cr content sites in the salt marsh, also contained high PAH values (see Fig. 19) which 
could indicate a common source for PAHs and chromium.   
 
 
 
Figure 26: Chromium distribution map (ppm) 
 
Toxicities of Pb and Cr can be discussed using the ERL and ERM values provided by 
Long et al (1995) as seen in table 6. Pb ranged from 17.8 ppm to 440 ppm, with this upper 
value of 440 ppm exceeding the ERM of 218ppm. This high value occurred only at one sample 
site, number 26 in the salt marsh zone. As seen in table 6, the average value was 85.3 ppm 
which lies below the ERM, and above the ERL. Many samples contained values between the 
ERL and ERM, indicating the possibility of toxicity and the necessity of further monitoring. In 
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this study, chromium fell below the ERL at all sites, indicating the unlikelihood of Cr induced 
toxicity at the time of sampling.     
 Table 6: Range and average concentrations of lead and chromium studied in BI, with 
ERL & ERM values from Long et al. (1995) 
Element Range in this study (ppm) 
 
Mean (ppm) ERL (ppm) ERM (ppm) 
 
Reference 
Lead 17.8-440 
 
85.3  46.7 218 
 
Long et al 1995 
Chromium 27.5-70.0 
 
41.5  81 370 
 
Long et al 1995 
 
 
Figure 27: Relative concentrations of heavy metals Iron, Aluminium and Calcium in 
sediment samples 
 
4.5 Statistical Testing 
To identify possible relationships between PAHs, metals, TOC, C:N, %N, and %C a 
principle component analysis (PCA) plot (Figure 28) is used to provide information on the 
commonalities and differences in the study area. PCA was chosen as it relates many data sets 
with each other and also identifies the component that causes the most variance in a multi 
variate data set with a large amount of data (Clarke 1993, Vitko 1994). The principle loading 
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was PAH value, which accounted for 76.8 % of the variance (Appendix 6). This demonstrates 
that PAH content is the data set that has the most influence on the samples from Bull Island 
overall. This plot revealed that there are only small clusters of data points, (e.g. pH-OM and 
Pb-Cr) strongly associated with each other. All other variables in this data set seem to exist 
independently, without being directly influenced by another parameter. Thus, the PCA plot 
showed little relationship between parameters. On this plot, the position of the PAH ng/g is 
more isolated but grouped closer to the metals Al, Ca and Fe, which indicates that they relate 
to each other, statistically. Similarly, N, TOC and TOC:N were also grouped together.  
This PCA was carried out using PAST software and conducted on the individual 
samples in order to provide meaningful relationships between variables in this data set. This 
statistical tool was used to determine whether PAHs and metals in particular influenced the 
sediment samples as a whole. This process highlighted how difficult it is to establish significant 
and meaningful relationships between the samples and their analysed variables. This was most 
likely due to the large variance in results and heterogeneous nature of the samples (e.g. sand vs 
muddy sediment). A further set of statistical tests were subsequently conducted where 
variability is reduced to identify any possible relationships that may exist between sample 
groups.      
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Fig. 28: PCA conducted on all variables analysed 
 
Hierarchal cluster analysis was then carried on all individual characteristics of each 
sample in order to group samples together according to their geochemistry (pH, PAH, TOC 
etc.). A cluster plot (Fig. 29) of all samples shows six distinct clusters. The cluster on the top 
of the branch, including samples 61, 62 and 63 (circled green) is grouped together as all three 
samples have low concentrations of PAHs, all below the LOQ with the OM of this cluster 
between 0-2 %, and a 7.7 - 15 C:N ratio. Samples in this first cluster were also between 74.9 
and 100 % sand. Overall, this cluster were samples with high sand content, low organic matter 
and low PAH content. Lead content varied between 31.13 - 41.3 % in these samples also. The 
next cluster (circled yellow) included samples 50, 51, and 54, which have low OM of 0.5 - 1.1 
%, C:N ratio of 6.9 - 13.6 and low PAH content all below the LOQ. These three samples were 
of high sand content from 90 - 100 % and low TOC percentage of 0.16 - 0.68 %. The other two 
PAH 
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large clusters (circled blue and red) showed no one specific commonality but had similar values 
for multiple parameters. They are closely related statistically, but it is difficult to confidently 
attribute a property that caused such clustering. This type of analysis proved to be very useful 
as it helped to group together heterogeneous samples with a large data set, according to their 
specific geochemistry.  
 
Fig 29. Cluster analysis conducted on individual samples from Dublin Bay based on the 
chemical characterisations 
 
ANOVA was carried out on the clusters identified in Fig 29 and are tabulated in Table 
6. This test further analyses the variance in a data set, to identify significance between clusters. 
The ANOVA test was conducted using the mean PAH value for each cluster to test for a 
significant difference within the clusters. This P value (<0.01) suggests there was a significant 
difference between the different clusters.  
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Table 7: ANOVA results conducted on grouping identified in PCA for PAH results 
 
ANOVA       
Source of Variation SS df MS F P-value F crit 
PAH 78266237.64 5 15653247.53 8.913 0.00014 2.710 
Error 35122942.41 20 1756147.12    
       
Total 116543442             29     
       
 
 
Figure 30: PCA according to OM content 
 
An additional PCA was carried out (Fig. 30) to determine associations between samples 
when grouped according to organic matter content. This was carried out as the hierarchical 
cluster analysis (Fig. 29) identified that samples that were clustered together, had similar 
organic matter (OM) or organic carbon (TOC) contents. Samples were grouped into categories 
based on their OM content and those respective groups’ mean variables were compared by 
PCA. A second set of loadings can be seen in Appendix 7, which shows that when the samples 
Component 1 
 
Figure 32: 
Total PAH 
concentration 
correlated 
with 
TOCComponen
t 1 
C
o
m
p
o
n
en
t 
2
 
 
Aisling Cunningham 10/04/2018 
 
56 
 
are grouped by organic matter content, PAH and EC variables have the highest influences over 
the samples in general. This means that the PAH variable has less of an influence on samples 
when grouped according to organic matter content, whereas EC value now has a larger 
influence on the samples. Samples were grouped accordingly 0-1 %, 1-2 %, 3-4 %, 4-5 %, 5-
10 %, 10-12 %, 13-15 %, 15-30 % and 30+ % OM. This was done specifically to investigate 
any relationship between OM content and PAH’s and heavy metals (Murphy et al, 2016). The 
PCA plot (Figure 30) highlights the differences in the OM values and how they grouped 
together based on OM content. Samples with a lower OM (0-2 % circled orange), mid-range 
of OM (3-10 % circled green) and higher OM (10-30 % circled red) content grouping together. 
The samples with OM <30 % existed separate from all other groupings, showing that this set 
of data is in a class of its own, and it influenced independently.   
One – way ANCOVA was then applied (with OM selected as the dependent variable 
and PAH the response as the independent variable) to grouped samples (Table 6). There is a 
trend in OM where 5 % or higher appears to be the level of significance where there is a 
difference in PAH and Pb concentration – PAH concentration at OM <5% = 942.05 ng/g and 
>5% = 2599.85 ng/g and Pb concentration at OM<5% = 41.93 ppm and OM >5% = 122.46 
ppm. This suggests that the linear relationship between OM content and pollutant concentration 
(i.e. PAH and Pb) may be restricted to lower OM content i.e. between 0 - 5%. This linear 
relationship between PAH and Pb is shown graphically in Figure 31.  
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Table 8: One-way ANCOVA analysis (OM vs PAH). 
 
 
The statistical tests show there is a significant relationship between OM and PAH/Pb 
concentration but there are large variances in some of the groups which are possibly caused by 
other environmental factors such as varying morphology and hydrology in the area. Pearson 
correlations were carried out on all data from Bull Island (Table 9). This test shows the linearity 
between sets of data in a large set. Each two variables have a calculated R2 value showing the 
linearity of their relationship, with an R2 value of 1 showing a direct proportionality between 
these two variables. Secondly, a P value is provided showing probability that you would have 
found the current result if the correlation coefficient were in fact zero (null hypothesis). A 
correlation coefficient (P) value less than 5 % (P<0.05) shows that the correlation coefficient 
is statistically significant. 
 A significant result is that PAH’s have a strong positive correlation with the TOC 
content of sediment (R2 =0.59, P < 0.05). Pb also correlated strongly with PAHs and TOC (see 
Fig 31, 32 and 33). The stepwise regression model in which PAH was the dependent variable 
identified OM, TOC and TOC/N as the three most related variables to PAH concentration. This 
highlights that OM and TOC may be used as potential predictors for ranges of PAH’s that may 
be found in environmental samples. With PAH’s and Pb a significant difference was seen above 
5% OM. However, the same cannot be said for Cr which did not show a similar increase above 
Sum of sqrs df Mean square F p (same)
Adj. mean: 3.37E+07 4 8.43E+06 4.207 0.01921
Adj. error: 2.80E+07 14 2.00E+06
Adj. total: 6.17E+07 18
Homogeneity (equality) of slopes:
F : 0.7059
p (same) 0.6059
Test for equal means, adjusted for covariate
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5% (Cr OM <5% = 36.25 OM >5% = 47.10). Pb and Fe also showed a strong linear relationship 
of R2 = 0.85 and P < 0.05. 
 
Figure 31: Total PAH concentration correlated with Pb concentration per organic matter 
group 
 
 
 
Figure 32: Total PAH concentration correlated with TOC 
 
Figure 33:  Pb correlation with TOCFigure 32: Total PAH concentration correlated 
with TOC 
 
Figure 43:  Pb correlation with TOC  
 
Figure 32: Total PAH concentration correlated with TOC 
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The correlations shown in Figures 31, 32 and 33 show that there were strong linear 
relationships between lead and PAH content in sediment samples, along with a strong 
relationship between both lead and PAH with organic carbon content. These linear 
relationships could predict that the contaminants (Pb and PAH) could exist more commonly in 
areas of higher organic carbon.   
 
 
Figure 33:  Pb correlation with TOC  
 
 
 
Figure 63:  Pb correlation with TOC  
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Table 9: Pearson’s correlation table of all chemical parameters with correlated R2 (left) 
values and P figures (right) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fe Ca Al Pb Cr pH EC % MC % OM N C TOC TOC/N PAH ng/g
Fe 0.020328 0.0059965 3.28E-13 0.0001321 4.90E-05 0.011605 0.0026243 2.31E-05 1.42E-06 4.45E-07 4.49E-06 0.49838 0.0002144
Ca -0.34877 0.63626 0.0030891 0.28681 0.0014096 0.73721 0.18685 0.054181 0.11119 0.061045 0.05861 0.37656 0.84598
Al 0.40783 0.073312 0.022989 0.11613 0.45166 0.52163 0.57771 0.095238 0.40444 0.45148 0.50925 0.88942 0.17813
Pb 0.84907 -0.43604 0.34219 1.75E-05 6.94E-07 0.079039 0.0018904 9.44E-09 1.13E-07 5.21E-10 2.37E-09 0.07767 8.57E-05
Cr 0.54468 -0.16421 0.2403 0.59885 5.87E-06 0.023432 0.040716 0.0003946 0.0002464 1.90E-05 4.36E-05 0.16507 0.0023988
pH -0.57247 0.4666 -0.11643 -0.66888 -0.62457 0.034134 2.69E-06 0.0002644 0.000266 1.94E-05 0.0001193 0.28463 0.0080521
EC 0.37719 0.05205 0.099228 0.26762 0.34116 -0.32013 0.022208 0.040878 0.0050856 0.047218 0.020592 0.87119 2.79E-06
% MC 0.44262 -0.20275 0.086258 0.45549 0.30979 -0.64161 0.34405 0.0001541 0.0005989 0.0004681 0.0019761 0.82852 0.0069333
% OM 0.59195 -0.2923 0.25468 0.74006 0.51089 -0.52368 0.30955 0.54013 2.93E-10 3.70E-12 1.17E-10 0.1936 3.43E-06
N 0.65483 -0.24351 0.12887 0.70155 0.52587 -0.52348 0.41506 0.49703 0.78461 4.92E-18 4.41E-13 0.71782 2.35E-05
C 0.67728 -0.28471 0.11648 0.77788 0.59685 -0.59637 0.30084 0.50529 0.82892 0.91379 5.65E-16 0.28048 1.34E-05
TOC 0.63055 -0.28732 0.10218 0.75899 0.57555 -0.54765 0.34808 0.45378 0.79488 0.84675 0.89074 0.0008812 2.27E-05
TOC/N 0.1048 -0.13661 -0.021581 0.26881 0.213 -0.16494 -0.025166 0.033612 0.19975 -0.05605 0.16635 0.48365 0.37431
PAH ng/g 0.53017 -0.030146 0.20675 0.5571 0.4462 -0.3945 0.64082 0.40133 0.6364 0.5915 0.60538 0.59247 0.13725
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5. Discussion 
Obtaining all possible pieces of information about the environmental sediment samples 
was vital in understanding the chemistry and health of this manmade island and it’s surrounds 
on the East coast of Ireland. Sediment characterisations such as particle size analysis, can tell 
so much about an environmental sample. An abundance of grains of a particular size can 
identify the availability of organic and inorganic matter, determine the effects of mechanical 
weathering or identify a depositional site within the study area (Unda-Calvo et al. 2019). The 
grain size in this study ranged from 106.9µm to 506.9µm and could be described as poorly 
sorted muddy sand to well sorted sand. 13 of the 31 samples sent away for PSA testing 
contained over 90 % sand, which is due to the island being formed from a sand spit (Gibson et 
al. 2012). The intertidal and island zones contained the highest sand content in their samples, 
when compared to the salt marsh and mudflat samples. This was expected as the island contains 
many sand dunes and the salt marsh and mud flat areas could be influenced by the rivers and 
streams entering the Irish Sea via this bay and transporting finer riverine sediments into these 
areas (Brooks et al. 2016).  
The electrical conductivity (EC) (concentration of conductive ions) of a sample can 
provide some insight into the influence from either terrestrial or marine waters, with higher EC 
values indicating marine waters due to higher salinity. Varying EC can also influence cation 
exchange capacity, drainage conditions, organic matter content, salinity, and subsoil 
characteristics which all provide a bigger picture of the sediment health (Grisso et al, 2009). 
Figure 18 showed an EC range between 0.06 - 9.24 mS/cm. As expected, samples from the 
island showed lowest EC concentrations, where samples are not in direct contact with seawater. 
The intertidal zone EC values ranged from 1.0 to 6.0 mS/cm, whereas areas in the salt marsh 
and mudflats, specifically samples 15, 22, 32, 34, 35, 37, 39, 40 and 4 contained the highest 
values of 7.0 - 9.5 mS/cm. These 9 samples of higher EC content contained ≤85 % sand, 
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indicating that there is a trend between the finer sediments and a high EC content. This could 
be due to the larger surface area of smaller sediments and the likelihood of particles to attach 
to them physically.  
The average global seawater pH is 8.1 (Ni Longphuirt, et al. 2010), and sediments that 
get covered in seawater are expected to have a similar pH to this. The range in pH values in the 
study area was from slightly acidic (6.30) to basic (9.9). The lower pH values occurred in the 
mudflat zone, near to where the Santry River and River Naniken enter the study area, there 
could be a riverine influence to the pH values here. In this area, low sand content (≤85 % sand) 
and higher OM contents were found. The organic matter content in the samples can indicate 
the content of living and decayed plant and animal materials, which is vital in understanding 
the overall chemistry occurring. The areas of lower sand content, with higher OM content could 
have occurred due to the lower surface area of these larger sand particles, compared to clay or 
mud, and also the available OM in the area.   
Carbon to nitrogen ratio (C:N) and total organic carbon (TOC) are also useful tools in 
understanding the source of organic matter in a study area. A large variance in C:N was seen, 
between 2.0 – 43.0. As stated above, a C:N ratio between 4 - 10 indicates an algal or marine 
source, whereas a ratio over 15 indicates terrestrial plant content (Mayers 1997). Samples in 
the southern lagoon, specifically, contained C:N ratios over 15, indicating terrestrial input. The 
intertidal zone overall contains lower ratios (C:N <10) as expected, as this area is classed as 
marine waters. The highest ratio of C:N found in this study was 270 and this occurred across 
the mudflats, where the bridge enters the middle of the island. This indicates that the organic 
matter in this area had a much higher N content when compared to other samples.  This could 
mean that sediments in this area could be derived from the coastal road adjacent to the island, 
due to coastal erosion (Gibson et al. 2012) or that the previously mentioned rivers and streams 
are bringing sediments into the study area. The successful storage of carbon in tidal wetlands 
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plays an important role in the global carbon cycle and with future influxes in stormy weather 
expected globally, protection of these wetlands is vital (Kelleway et al. 2017). The TOC 
assessment carried out in this study was carried out on the top 10 cm of sediment, thus 
providing only a small insight into the carbon stored in the leaves, stems and branches of plants, 
including some roots and dead organic matter. A higher carbon content is expected to be buried 
underneath this top-layer in the form of dead and decaying organic matter. As stated by 
Grimsditch et al. (2013), intertidal salt marsh zones have accumulation rates of around 18 g 
cm-2 yr -1, and a healthy coastal salt marsh should continue to sequester carbon and increase 
sediment levels vertically as sea levels rise. An unhealthy coastal bay, as the latter, may not 
resist coastal changes and this could lead to the release of carbon dioxide through the oxidation 
of organic carbon present in sediments (McLeod et al. 2011).  
In this study, PAH concentration decreased towards the Irish Sea, as did organic matter 
content and percentage clay. The average PAH concentration was 1751.0 ng/g, which is below 
the recommended ERL of 4,022 ng/g and ERM of 44,792 ng/g showing a low risk of toxicity 
(Long 1995). Although the samples contained sum PAH concentrations below the 
recommended toxicity limits, all 16 tested PAHs were present above their individual 
recommended effect range low (ERL) values at various sites, and three individual PAHs; 
acenaphthylene, acenaphthene and phenanthrene, were present above the individual effect 
range medium (ERM) values. Hydrocarbon pollution can be from natural or anthropogenic 
sources, yet PAHs are more commonly associated with human activities involving the burning 
of fossil fuels (Kvenvolden & Cooper 2003; Abdel-shafy & Mansour 2016; Sun et al. 2016; 
Murphy et al. 2016 Kim et al. 2017). Although the 16 PAHs are present in quanitities below 
the guidellined values for toxicity, they are persistent organic pollutants (POPs) and their 
monitoring is vital due to their ubiquitous and toxic nature in terrestrial and marine 
environments (Hung et al. 2008; Martinez et al. 2004; Raoux et al. 1999; Song et al. 2002; 
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Wilcke 2000). PAHs are a concern due to their carcinogenic, mutagenic and teratogenic 
properties (Abdel-shafy & Mansour 2016; Krasnoschekova 1979) and adverse influence on 
marine biota through bioaccumulation in fatty tissues, due to high lipid solubility (International 
Agency for Research in Cancer 1983; McCready et al. 2004; Woodhead et al. 1999).  
There was an abundance of both high molecular weight (HMW) and low molecular 
weight (LMW) counterparts. HMW PAHs are more persistent in the environment, due to the 
higher volatility of the LMW compounds (Abdel-shafy & Mansour 2016; Wild et al. 1991). 
The beginning of industrialisation in the middle of the 19th Century, the peak of coal burning 
in the 1980’s and the introduction of unleaded petrol in the 1980’s (Glennon et al. 2014) are 
significant events that would have contributed to long-term effects on soils, including the 
release of HMW PAHs. Three single PAHs (acenaphthylene, acenaphthene and phenanthrene) 
were in quantities higher than the recommended ERM at several sites. This group of PAHs are 
LMW PAHs as they contain 3 aromatic rings. Acenaphthene in particular occurred at over 
twice it’s ERM value of 500 ng/g, (Long et al, 1995) with a concentration of 1213 ng/g at one 
site. PAHs interact with the marine system by gaseous exchange at the air water interface, or 
via dry soot deposition or precipitation (Simoneit 1989). Once in the water they bind to 
particulate matter and accumulate in sediment over time (Oros & Ross 2004; Murphy et al. 
2016). As these three PAHs are LMW, they are more likely to be lost via gaseous exchange, 
due to higher volatility, compared to the heavier counterparts. Yet, scenarios such as coastal 
erosion and mass sediment movements, could cause PAHs could to get buried and accumulate 
in sediments for long periods of time. 
Three PAH isomer pair ratios were utilised to determine the source of PAHs in BI and 
showed a dominance of combustion sources, with few samples containing PAHs coming 
directly from petroleum. PAHs can come from the incomplete combustion of fossil fuels, road 
and industrial run off, contaminated sites and pyrolysis, along with natural seepage (Fleming 
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et al. 2005). These processes can release PAHs into the atmosphere, where they eventually 
settle into water bodies or sediments (Dat & Chang 2017). This could be one reason why PAH 
concentrations are higher near the roadsides. According to this ratio calculation, overall, PAHs 
in BI samples come from the combustion of biomass and fossil fuels, with a small input from 
direct petroleum sources. The first isomer ratio calculation (IP/IP+BghiP) revealed that many 
samples were likely to be from biomass and coal combustion sources. One sample, number 41 
was an outlier, which can be seen on figure 20 as a blue dot on the x-axis (on the IP/(IP+BghiP) 
plot). This sample was taken from the salt marsh zone. The second isomer ratio calculation 
(BaA/228) also showed a large number of samples coming from combustion sources, the type 
of fuel combustion is not specified in this ratio calculation. The outlier of this graph was sample 
46 taken from the island, which strongly suggests a petroleum source. The same result occurred 
for the final isomer ratio (An/178), with one more sample, number 49, showing petroleum as 
their source. This sample was also taken from the island. As there are only three samples 
indicating a petroleum source, it can be suggested that these are from localised point sources 
or due to activities on the island itself, such as fuel leaks from motor vehicles.   
Sum PAH values exceeded 6000 ng/g in samples 16, 25, 32, 36, 41 and 46 (Appendix 
5). These samples were described as ‘soil’ samples at the time of sampling, with some 
containing grass cover. These samples were generally light in colour with locations close to 
the roadside and/or on the golf course situated on BI. Sum PAH values over 6,000 ng/g are 
much higher than some similar studies in Libya and the USA on coastal bays (Kim et al. 2018; 
Bonsignore et al. 2018). However, higher PAH concentrations have been reported in many 
other studies in coastal bays, for example Viguri et al (2002) had a sum 16 PAH range of 20 - 
25,800 ng/g in Santander Bay, Spain and Guanabara Bay, Brazil had a sum of 39 PAH range 
of 96.0 - 135,000 ng/g (Wagener et al. 2012). As stated by Glennon et al (2014) in the SURGE 
project, it is inaccurate to compare PAHs present in different countries as each country will 
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vary in its industrial activities, size and other environmental factors. Through a similar project, 
Andersson et al (2011) found peak concentrations of (∑ 16) PAHs in Dublin City of 63,000 
ng/g. This large value is thought to be due to bituminous coal burning and considerable traffic 
congestion in the city centre. This study showed that Dublin City has much higher values of 
anthropogenic source PAHs, when compared to BI.  
Three samples (15, 23 and 34) containing a sand content of ≤55 % contained higher 
PAH concentrations overall, with values between 884.84 – 1423.31 ng/g ∑PAH. This shows a 
link between samples of low sand, and high PAH content. Areas of high PAH concentration 
occur near known inlets of freshwater as seen in Figure 4. This is also where there was the 
highest C:N ratio, indicating that terrestrial sources are the dominant source of OM in this area 
(Mayers 1997). It has been estimated that 7.2 x106  m3 d-1 of water is exchanged daily around 
Bull Island (Harris 1977). Seawater (Figure 4) enters from both the north and south of the island 
where it meets freshwater coming from inland rivers. The Naniken River flows into the 
southern lagoon, whereas the northern lagoon receives freshwater from Sutton Creek and 
Santry River (Figure 5) (Brooks et al. 2016). Dissolved and particulate material in these 
freshwater conduits may then concentrate and accumulate in the lagoon area.  
PAH concentration is generally high in areas of high silt and clay content and were 
generally at lowest values in areas of ≥95 % sand. However, PAHs were high in areas of the 
salt marsh, which were low in clay possibly due to the presence of Salicornia salt marsh plants 
that have been shown to accumulate pollutants such as PAHs (Gonçalves et al. 2016). Plants 
that are commonly present in coastal salt marshes have recently been shown to efficiently 
phyto-remediate PAHs by assisting in the intake of PAHs. This occurs through roots and 
biodegradation through the rhizosphere, thus reducing the available PAHs in soils and 
sediments (Reddy et al. 2017; Gonçalves et al. 2016; Lu et al. 2011). Although studies have 
shown that whilst PAHs reduced in this scenario, metal concentrations did not decrease, some 
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became immobilized, yet it seems as though PAHs are more readily taken up by plants (Reddy 
et al. 2017. 
 There was a relatively high correlation (R2 =0.76) between high PAH concentration 
and TOC content (Appendix 10), as seen in other studies (Arienzo et al. 2017; Simpson et al. 
1996). Areas of high PAH and high C:N ratio over 20 can be seen in maps in Fig 17 and 20, 
along James Larkin road, to the right of the bridge which intersects the middle of the island.  
An opposite trend was seen at the north of the island, travelling towards Howth, where PAH 
concentration increased, as C:N decreased. Carbon to nitrogen ratio is important as it shows 
the likelihood of decomposition of organic matter in sediment, a wider C:N ratio shows that 
decomposition is less likely, and this directly relates to the possibility of breakdown of PAHs 
(Han et al. 2017). 
The comparative PAH experiment between 2016 and 2017 showed that PAH content 
changes over time in the study area, according to the eight samples that were retested one year 
later.  More specifically, samples 37, 33 and 44 from the southern lagoon showed an increase 
in PAH content between 2016 and 2017. These samples occur to the left of the bridge that 
intersects the island and close to the potential sources of riverine input, particularly from the 
Santry River and River Naniken. Samples 36, 32 and 38, also from the southern lagoon, showed 
a decrease in PAH content. Sample 39 and 41 from the northern lagoon showed an increase 
and a decrease respectively. This change in PAH content could be because of changes in 
deposition rates, either from water or the atmosphere or because the sample was not taken from 
exactly the same site with the same coordinates. If it was, the site would have been disturbed 
during sampling the year before and if it was not, PAH concentration may vary a lot even 
within a few meters. Alternative reasons for the change in concentration could be due to an 
increase in the motor vehicles used in the vicinity, coastal flooding or the opening of the Dublin 
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WtE plant, as previously mentioned. More temporal studies are required to investigate why 
these differences occurred. 
Areas of highest iron concentration coincided with high lead and PAH concentrations, 
in the mudflat and salt marsh zones. Iron concentrations ranged from 0.6 - 5.8 % (6000 - 58000 
ppm) in the study area, with a strong linear relationship between PAHs and Fe content (R2 of 
0.913) and also between Fe and TOC (R2 of 0.697). Relatively high correlations have been 
reported in other studies between Fe and TOC (R2 of 0.72 to 0.78), and Fe and Clay (R2 of 0.64 
to 0.83) (Wei-wei et al. 2018). Iron ranged from 0.58 – 4 % (5800-40000 ppm) in a study by 
Doyle & Otte (1997) in the wider Dublin Bay area, compared to the 0.6-5.8 % in this project, 
which shows similarities between the two surveys. The National Soil Database Project mapped 
iron concentrations across Ireland and found average concentrations of iron between 2.01 % 
and 2.5 % in Dublin (Fay. et al. 2007). This correlates with the map (Figure 25) of Fe in Bull 
island, with a range of 0.6 to 5.8 % Fe, with the higher concentrations being seen in the salt 
marsh and mudflats compared to the intertidal samples beyond the island.   
The range of lead (Pb) in the sampling area was 17.8-440 ppm, with higher 
concentrations occurring in the salt marsh and mudflat areas. It should be noted that the average 
Pb concentration was much lower than the max value found (440 ppm), at 85.31 ppm, which 
only just exceeds the VROM recommended value of 85 ppm. However, this remains below the 
recommended ERM from Long et al. (1995) of 218 ppm (Table. 4), showing low chances of 
toxicity. The average Pb value lies larger than the recommended limit of Pb in China of 35 
ppm (GB15618 Ministry of Environmental Protection of China 1995) and the recommended 
levels for soil of sustainable quality (85 ppm) (Dutch Ministry of Housing Spatial Planning and 
Environment (VROM) 2000). According to the Environmental Protection Agency Ireland 
(2006), the concentration of lead from ‘uncontaminated sites’ it a wide-scale study was 
between 30 -120 ppm. Both chromium and lead are listed as priority pollutants due to their 
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known toxicity carcinogenic properties over 0.015 ppm (US Department of health and human 
services. 2006). The area of highest Pb was along James Larkin Road, which is also the zone 
of highest PAH contamination. As previously stated, the C:N ratios indicate that this area is 
influenced mostly by materials coming from inland so it is reasonable to suggest that higher 
PAH and Pb concentrations would derive from terrestrial rather than marine sources. There is 
an indication of point source origin for Pb at sites alongside the road that intersects half way 
through BI, specifically in samples 26, 28, 30, 35 and 43, which could be influenced by the 
River Santry that feeds into the northern lagoon (Figure 5).  
The concentration of lead generally decreases further away from the roadside, again 
indicating terrestrial sources (G.L.Wheeler & G.L.Rolfe 1979; Zupancic 1999). As also seen 
in the Dublin Soil Urban Geochemistry (SURGE) Project (the first in-depth baseline 
geochemical study of top soils in the greater Dublin area), Pb generally decreased with distance 
away from industrialised areas (Glennon et al. 2014).There is a recommended limit of 0.05 
ppm Pb in water intended for drinking (S.I. No. 294/ European Union 1989) and an EQS 
(environmental quality standard) value of 0.0072 ppm for lead in transitional and coastal waters 
(Environmental Agency Germany 2011) and the average value of  85.31 ppm in this study 
exceeds these values greatly.  
Average lead in Irish marine and terrestrial waters was at 7.2 ug/l  in 2006 (EPA 2006). 
There is historic evidence of Pb pollution in the River Tolka (Buggy and Tobin, 2008), which 
feeds directly into the BI sampling zone and again suggests that this pollution in from inland 
sources carried to the study area through local rivers and streams. The higher concentrations of 
Pb are mostly contained to this salt marsh/mudflat area in the middle of the sample site. 
Reasoning for this containment of lead could be due to the transfer of metals, in a body of 
water. The Santry River and River Naniken enter the south lagoon close to where this 
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accumulation of lead is taking place. There could also be a depositional zone occurring in the 
centre of the south lagoon, where the bridge intersects the island (see Figure 5).  
Chromium (Cr) is another metal that occurs naturally but high levels are linked to 
industrial activities that release different forms of Cr into the environment (Callender 2003). 
Cr was in concentrations between 27.5 to 70 ppm in Bull Island, with an average concentration 
of 41.5ppm. The higher concentrations, between 50 and 70 ppm were again in the salt marsh 
and mud flat zones, as seen with iron and aluminium. Long et al. (1995) set out ERL and ERM 
values for Cr (81 ppm and 370 ppm respectively), and the BI samples remained below both 
values showing low risk of  toxicity to flora and fauna. However, the concentrations are notably 
above the median values for chromium (59 ppm) in European soils so it is important to continue 
to monitor this in the future (Luo et al. 2012). The average Cr value in this study is above the 
EPA recommended value of 0.015 ppm, with higher values showing signs of carcinogenicity 
(Environmental Protection Agency Ireland, 2006; U.S. Department of Health and Human 
Services 2002).   
Aluminium (Al) has been used in past research as an indicator of source of metal 
pollution in marine sediments, as a representative metal (Weisberg et al. 1999). The Soil 
Geochemical Atlas of Ireland (Fay. et al. 2007) showed an Al range in greater Dublin of 4.1 -
5 % (41,000 – 50,000 ppm). Al in this BI study ranged between 2 - 5.7 %, with the highest 
concentrations occuring in the salt marsh and mudlflat zones, as seen with Fe and PAHs (Table 
5). This suggests again that runoff from inland and rivers/steams has an influence on Al 
concentrations and that there may be an anthropogenic source. Although Al is present naturally, 
as the third most abundant metal on earth (Rosseland et al. 1990), it too has its negative impacts 
on the environment. Al induced toxicity affects marine life by way of reducing their capacity 
to uptake ions and carry out metabolic processes. Aluminium also has an antogonistic 
relatioship with calcium, where increasing Ca concentration decreases Al toxicity. This shows 
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the importance of monitoring all elements possible in an environmental study. Al also causes 
acidification of marine waters, so the pH value can show relate directly to the concentration of 
Al present also (Rosseland et al. 1990). No guidelines exist for the exposure limits of Al for 
humans for ingestion or overall exposure to the metal (Exley. 2013) but high levels of exposure 
have shown mild neurotoxic effects in a study in Italy (Polizzi et al. 2002) amongst workers 
exposed to alumiminium dusts. Al is another example of an element that needs to be monitored 
in the future, in protected areas such as Bull Island to ensure the health of the biosphere overall. 
Raised awareness about organic and inorganic groups of compounds is a necessity with regard 
to the future protection of this sand island and its surrounds in future years to come.  
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6. Conclusion  
An aim of this study was to provide baseline information on the chemical and physical 
characteristics of soils and sediments from BI and to map these so that they are available for 
further use. Detailed surveys of ground properties are becoming even more important in an era 
of unprecedented environmental data generation from remote sensors on satellites and aircraft. 
Satellite-based environmental data is an important asset that can provide cost effective and 
timely information for mapping, monitoring, and managing coastal environments. It is 
therefore a major tool that can be used to address societal challenges such as coastal flooding, 
port security or marine pollution. A primary objective of this project was to provide information 
that can be used to validate, calibrate and extract as much information as possible from satellite 
earth observation data. A coordinated, long-term provision of such datasets is required to 
generate models that can be used to predict environmental change. These models will 
contribute to future planning in a diversity of areas such as coastal mapping, flooding 
prediction, marine habitats and fisheries, climate change, environmental protection and policy.   
Another objective was to understand how anthropogenic activities are affecting the 
island through the study of organic and inorganic contaminants. The maps clearly indicate that 
there is a depositional zone in the salt marsh/mud flat area of Bull Island. PAH isomer ratios 
show that the primary source of PAHs is the combustion of fossil fuels and their distribution is 
dictated by dry and wet deposition. A short, comparative study of 8 sites showed that PAH 
concentration is not constant and that the level of contaminants is susceptible to changing over 
time. Total PAH levels remained below the concentrations of high chance of toxicity, with 
three 3-ringed PAHs showing high concentrations. According to these values, this site is not 
heavily contaminated by PAHs, but there is a presence of these compounds that should be 
monitored.    
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 C:N ratios show that much deposition is through freshwater streams and inlets and 
suggests that the high PAH concentrations are mainly due to anthropogenic activity further in-
land. This is also true for the higher concentrations of Pb and Cr on Bull Island. Recent research 
also highlighted high concentrations of PAHs in greater Dublin Bay sediments and while this 
is not globally unique, it showed that microbial community structure can be perturbed in 
response to anthropogenic pollution (Murphy et al. 2016). Understanding the most basic 
chemistry of sediment samples is also vital in providing the overall picture of the health of Bull 
Island. The electrical conductivity, particle size and pH of samples shows the susceptibility of 
these sediments for cation-exchange, adherence of pollutants and transport of sediment 
particles.  
Coastal systems such as BI are therefore dynamic and react and change constantly to 
natural and anthropogenic forcing. Prediction of change will be very important for the 
management of challenges such as rising sea level, acidification and erosion. Consistent 
monitoring of sediment and water properties in coastal areas will help to achieve this.  
The study of the presence of a variety of flora and fauna in the study area is an important 
asset when discussing the impacts of global climate change on the health of a coastal wetland. 
Atlantic and Mediterranean Sea meadows (Grimsditch et al. 2013) cover large sections of the 
salt marsh, the roots providing strength and stability to ensure that the sediments are held tightly 
together to resist the effects of flooding. The effects of global climate change can be understood 
more efficiently when the knowledge of the basic environmental studies have been carried out 
on coastal bays and other vulnerable areas. Future work firstly includes the specific study of a 
wider range of PAHs, including alkylated and methylated compounds, to enhance the 
knowledge base of anthropogenic input into the study area, and secondly, the study of a number 
of coastal, manmade islands as a larger, comparative study to establish similarities and 
differences in these unique habitats.   
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8. Appendices 
Appendix 1: Sample GPS coordinates and description 
Sample ID x cord y cord Sample appearance/description 
DB201601 -6.105289 53.382057 Muddy sand 
DB201602 -6.105289 53.382057 Heavy black mud 
DB201603 -6.105289 53.382057 Heavy mud 
DB201604 -6.105289 53.382057 Golf course sandy soil 
DB201605 -6.105289 53.382057 Sandy mud 
DB201606 -6.105289 53.382057 Salt marsh sandy mud 
DB201607 -6.105289 53.382057 Sandy mud 
DB201608 -6.105289 53.382057 Heavy sand, green algae cover 
DB201609 -6.105289 53.382057 Black mud with sea shells 
DB201610 -6.105289 53.382057 Sandy mud, near wall 
DB201611 -6.105289 53.382057 Heavy black mud & green algae 
DB201612 -6.105289 53.382057 Sand  
DB201614 -6.128129 53.383901 black mud 
DB201616 -6.162209 53.374592 Soil with grass cover 
DB201617 -6.16158 53.371876 Dark mud with decayed seaweed 
DB201618 -6.128608 53.38162 Heavy mud  
DB201619 -6.144935 53.377827 Heavy black mud 
DB201620 -6.173817 53.36571 Sand with black decayed seaweed 
DB201621 -6.121488 53.3847 Heavy back mud 
DB201622 -6.148964 53.377916 Heavy mud 
DB201623 -6.15356 53.375668 Mud with seaweed cover 
DB201624 -6.108865 53.384971 mud flats, sandy mud 
DB201625 -6.159454 53.372631 Soil from road side 
DB201626 -6.150846 53.373457 Salt marsh mud 
DB201627 -6.157725 53.369912 Very wet soil 
DB201629 -6.139616 53.37467 Heavy mud 
DB201630 -6.148636 53.374222 Soil 
DB201631 -6.144898 53.375845 Muddy soil 
DB201632 -6.159283 53.368198 Soil 
DB201633 -6.169153 53.362579 Soil 
DB201634 -6.148519 53.375783 Mud flat mud with algae 
DB201635 -6.138389 53.377894 Soil 
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DB201636 -6.162354 53.367846 Heavy muddy soil 
DB201637 -6.171565 53.361769 Soil 
DB201638 -6.156835 53.369829 Soil 
DB201639 -6.14114 53.37709 Salt marsh channel, heavy black mud 
DB201640 -6.161467 53.366599 Soil 
DB201641 -6.125037 53.380938 salt marsh mud 
DB201642 -6.159034 53.3721 Soil 
DB201643 -6.144906 53.37578 Soil with bush vegetation 
DB201644 -6.16557 53.36733 Mud at edge of salt marsh 
DB201645 -6.166561 53.358872 Soil in dunes 
DB201646 -6.167405 53.359752 Sandy soil, golf course 
DB201647 -6.162428 53.357208 Soil, sand dunes 
DB201648 -6.159008 53.361311 Soil, sand dunes 
DB201649 -6.15121 53.367011 Soil, sand dunes 
DB201650 -6.145856 53.368803 Sand dunes 
DB201651 -6.133967 53.37271 Beach sand 
DB201653 -6.13648 53.375996 Golf course sandy soil 
DB201654 -6.117753 53.381827 Sand dune 
DB201655 6.121541 53.380431 salt marsh soil  
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Appendix 2: PSA results for Bull Island samples  
Sample ID Mean (µm) Sorting Clay (%) Silt (%) Mud (%) [cl+silt] Sand (%) Description 
Sample 1 272.04 1.28 0.94 4.13 5.07 94.93 poorly sorted sand 
Sample 02 198.20 1.72 2.56 16.35 18.91 81.09 poorly sorted muddy sand 
Sample 3 372.94 1.73 1.36 7.71 9.08 90.92 poorly sorted sand 
Sample 5 283.06 1.54 1.15 8.84 9.99 90.01 poorly sorted sand 
Sample 6 214.10 2.57 8.99 27.22 36.21 63.79 very poorly sorted muddy sand 
Sample 7 144.34 1.67 3.15 19.64 22.79 77.21 poorly sorted muddy sand 
Sample 10 197.41 0.72 0.34 0.28 0.61 99.39 moderately sorted sand 
Sample 14 178.52 0.41 0.00 0.00 0.00 100.00 well sorted sand 
Sample 15  188.43 2.70 11.55 37.73 49.28 50.72 very poorly sorted muddy sand 
Sample 17 155.81 1.59 3.06 12.61 15.67 84.33 poorly sorted muddy sand 
Sample 19 161.08 1.91 4.55 20.28 24.82 75.18 poorly sorted muddy sand 
Sample 23 106.86 2.52 14.14 43.75 57.89 42.11 very poorly sorted sandy mud 
Sample 25 225.06 2.17 4.35 27.56 31.91 68.09 very poorly sorted muddy sand 
Sample 28 122.20 2.08 6.92 28.70 35.62 64.38 very poorly sorted muddy sand 
Sample 30 464.23 3.07 9.25 24.05 33.30 66.70 very poorly sorted muddy sand 
Sample 32 186.21 2.35 8.13 18.71 26.84 73.16 very poorly sorted muddy sand 
Sample 34 107.59 2.31 10.58 34.11 44.69 55.31 very poorly sorted muddy sand 
Sample 36 506.90 2.04 2.54 10.19 12.72 87.28 very poorly sorted muddy sand 
Sample 37 330.61 2.81 8.20 26.90 35.11 64.89 very poorly sorted muddy sand 
Sample 39 169.22 1.34 1.73 8.71 10.45 89.55 poorly sorted muddy sand 
Sample 41 238.25 2.66 9.09 31.22 40.31 59.69 very poorly sorted muddy sand 
Sample 44 168.11 1.34 2.15 6.70 8.85 91.15 poorly sorted sand 
Sample 45 198.44 0.86 0.68 0.56 1.25 98.75 moderately sorted sand 
Sample 47 190.43 0.84 0.57 0.55 1.12 98.88 moderately sorted sand 
Sample 45 172.32 0.44 0.00 0.02 0.02 99.98 well sorted sand 
Sample 49 156.45 0.42 0.00 0.16 0.16 99.84 well sorted sand 
Sample 53 184.92 0.45 0.00 0.00 0.00 100.00 well sorted sand 
Sample 54 190.99 0.41 0.00 0.00 0.00 100.00 well sorted sand 
Sample 55 319.04 2.49 6.12 18.98 25.10 74.90 very poorly sorted muddy sand 
Sample 56 234.43 2.00 4.39 12.32 16.71 83.29 very poorly sorted muddy sand 
Sample 60 172.26 0.41 0 0.00 0.00 100.00 well sorted sand 
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Appendix 3: Organic matter (OM), nitrogen (N), Carbon (C), C: N ratio and TOC results 
for Bull Island samples 
ID %OM %N %C C:N 
ratio 
%TOC ID %OM %N %C C:N 
ratio 
%TOC 
01 0.93 0.046 0.359 4.43 0.20 32 7.07 0.153 2.977 12.02 1.84 
02 3.64 0.061 0.826 12.66 0.77 33 48.14 1.096 15.775 0.16 0.17 
03 4.05 0.020 0.480 37.13 0.74 34 6.49 0.120 2.370 1.28 0.15 
04 7.48 0.067 2.803 10.99 0.73 35 32.65 0.757 10.154 8.81 6.67 
05 3.20 0.074 1.493 18.08 1.34 36 23.48 1.013 10.733 9.19 9.31 
06 9.24 0.264 4.682 10.05 2.65 37 13.85 1.308 17.676 2.97 3.89 
07 5.76 0.133 1.910 9.38 1.25 38 61.5 1.340 16.759 9.49 12.72 
08 2.32 0.045 0.610 7.57 0.34 39 3.2 0.856 1.880 0.68 0.58 
09 3.43 0.054 0.870 10.81 0.58 40 53.9 1.970 25.480 8.09 15.95 
10 3.16 0.095 1.026 7.77 0.74 41 13.9 0.290 4.030 14.38 4.17 
11 0.83 0.036 0.599 14.19 0.51 42 14.4 1.343 17.680 4.71 6.32 
12 1.95 0.023 0.809 18.72 0.43 43 14.78 0.659 6.667 8.15 5.37 
14 1.50 0.043 0.509 5.39 0.23 44 2.15 0.065 0.480 3.85 0.25 
15 8.69 0.370 2.982 0.68 0.25 45 10.89 0.060 2.127 28.22 1.69 
16 11.73 1.001 16.134 9.40 9.41 46 4.95 0.176 3.472 10.48 1.84 
17 3.86 0.033 1.250 12.00 0.40 47 13.26 0.093 3.580 28.18 2.63 
18 2.03 0.086 0.621 2.33 0.20 48 11.14 0.151 4.450 23.55 3.56 
19 2.75 0.046 2.002 1.62 0.08 49 12.05 0.189 4.430 10.85 2.05 
20 4.19 0.693 15.837 1.88 1.30 50 1.10 0.023 0.730 6.96 0.16 
21 2.06 0.049 0.623 3.86 0.19 51 1.30 0.029 0.600 9.66 0.28 
22 7.38 0.033 1.380 10.20 0.34 52 0.95 0.050 0.970 13.60 0.68 
23 10.90 0.178 3.334 12.43 2.21 53 18.28 0.130 2.980 15.62 2.03 
24 0.31 0.039 0.968 269.74 10.52 54 0.75 0.030 0.597 7.33 0.22 
25 30.31 0.659 9.531 12.83 8.45 56 0.85 0.024 0.810 15.00 0.36 
26 1.39 0.026 0.403 175.64 4.57 57 1.30 0.026 0.660 3.85 0.10 
27 22.00 0.102 0.788 1.96 0.20 60 1.78 0.030 0.500 5.33 0.16 
28 3.20 0.698 9.433 1.72 1.20 61 0.56 0.005 0.100 2.00 0.00 
29 55.99 0.817 10.983 5.23 4.27 62 0.88 0.040 0.900 7.75 0.31 
30 4.98 0.355 4.492 11.76 4.17 63 1.30 0.022 0.460 7.27 0.16 
31 4.97 0.408 5.468 12.22 4.98       
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Appendix 4: pH and EC values in BI samples 
ID pH EC (mS/cm) ID pH EC (mS/cm) 
01 8.88 3098.67 32 7.58 4706.67 
02 8.95 3536.67 33 6.33 6650.00 
03 8.85 2690.33 34 7.83 6470.00 
04 7.99 4253.33 35 8.24 9.255 
05 8.93 4386.67 36 6.69 6663.33 
06 7.42 6173.33 37 6.92 5426.67 
07 8.26 3164.33 38 7.57 6880 
08 8.08 2769.67 39 8.66 3786.67 
09 8.71 3456.67 40 7.58 7360.00 
10 8.69 3660 41 7.68 6700 
11 8.91 2993.67 42 7.6 8910 
12 8.39 4790 43 7.75 6090.00 
14 8.33 2701.33 44 7.74 2452.33 
15 8.08 5883.33 45 7.50 79.00 
16 6.56 7890.00 46 8.22 105.57 
17 7.34 3530.00 47 7.76 175.87 
18 8.65 2869.67 48 8.37 111.30 
19 8.17 5.19 49 7.41 141.83 
20 8.46 3006.33 50 8.92 52.27 
21 8.76 2836.67 51 8.13 3090.00 
22 7.65 4176.67 52 8.40 77.36 
23 7.84 6943.33 53 9.40 100.57 
24 8.59 3326.67 54 8.91 56.57 
25 8.26 257.53 56 8.38 3.70 
26 7.86 3966.67 57 8.00 4.18 
27 8.36 3229.33 60 8.43 3.20 
28 8.25 3002.02 61 8.10 5.00 
29 7.07 138.3 62 8.25 3.85 
30 7.43 1217 63 8.40 4.11 
31 7.47 5870    
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Appendix 5: Sum PAH values in BI samples 
Sample Sample appearance ∑PAH ng/g Sample Sample appearance ∑PAH ng/g 
01 Mudflats muddy sand <LOQ 30 Soil 3027.934 
02 Heavy mud, black organic matter 453.780 31 Muddy soil 1499.869 
03 Heavy mud 758.341 32 Soil 7498.320 
04 Golf course sandy soil 868.386 33 Soil 1658.012 
05 Sandy mud 630.619 34 Mud flat mud with algae 884.840 
06 Salt marsh sandy mud 1130.510 35 Soil 1587.805 
07 Sandy mud 763.385 36 Heavy muddy soil 5850.058 
08 Heavy sand, green algae cover 838.791 37 Soil 786.357 
09 Mud flat heavy mud with sea shells 3462.117 38 Soil 4596.529 
10 Mud flat, sandy mud, near wall 27.469 39 Heavy black mud <LOQ 
11 Heavy black mud and green algae 113.358 40 Soil 1103.608 
     12 Sand 800.369 41 salt marsh mud 6869.458 
14 black mud 386.206 42 Soil 4156.845 
16 Soil with grass cover 8182.542 43 Soil with bush vegetation 1964.965 
17 Dark mud with decayed seaweed 3621.907 44 Mud at edge of salt marsh 1055.119 
18 heavy mud <LOQ 45 Soil, sand dunes 240.090 
19 Heavy mud, black organic matter 1139.025 46 Sandy soil, golf course 7621.404 
20 Sandy with black decayed seaweed 2587.463 47 Soil, sand dunes 304.972 
21 Heavy back mud 25.380 48 Soil, sand dunes 4.605 
22 Heavy mud 290.444 49 Soil, sand dunes 1234.448 
23 Mud with seaweed cover 1423.313 50 Sand dunes <LOQ 
24 mud flats, sandy mud <LOQ 51 Beach sand <LOQ 
25 Soil from road side 6367.384 53 Golf course sandy soil 352.906 
26 Salt marsh mud <LOQ 54 Sand dune <LOQ 
27 Very wet soil 3530.959 55 salt marsh soil 889.534 
29 Heavy mud 2213.753 61 intertidal sand <LOQ 
   62 intertidal sand <LOQ 
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Appendix 6: Loading scores for all tested variables for component 1 and 2. 
 
 
 
Appendix 7: Loadings scores for component 1 and 2, with variables grouped by organic 
matter content (OM) 
 
 
 
 
 
 
PC 1 PC 2
pH -0.00783 -0.01166
EC 0.45404 -0.71072
%OM 0.20103 0.32013
N 0.23841 0.33252
C 0.20818 0.3793
C/N Ratio -0.03022 0.046743
TOC 0.23711 0.34276
TOC/N -0.00102 0.008987
PAH ng/g 0.76841 0.017584
Fe 0.073542 0.090093
Ca -0.00793 -0.06335
Al 0.008786 -0.00185
Pb 0.005744 -0.01048
Cr 0.005388 -0.07426
PC 1 PC 2
pH -0.00022 1.37E-05
EC 0.83886 -0.5349
%Moisture 0.005458 -5.19E-05
%OM 0.005797 0.002226
N 0.000174 3.89E-05
C 0.002297 0.000766
C/N Ratio -0.0006 -0.001
TOC 0.00104 0.000943
TOC/N -0.00463 -0.00104
PAH ng/g 0.52957 0.76
Al 0.12375 0.36773
Pb 0.021495 0.032333
Cr 0.002589 0.001791
